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FOREWORD 


The  International  Conference  on  Mllllmeter-Wave  and  Far-Infrared 
Technology  In  1992  (ICMWFT'92)  Is  the  second  In  the  series  of  conferences 
following  the  Nghly  successful  ICMWFT'90  held  in  Beijing  in  June  of  19W.  Initial 
discusslora  for  this  series  of  meetings  took  place  between  H.  C.  Hu  of  the  Beijing 
Vacuum  Becfror^cs  Research  Institute  and  J  J.  Gallagher  and  R.  W.  McMillan  of 
Georgia  Tech  during  a  visit  by  the  latter  two  persore  to  China  in  1984.  Detailed 
planning  for  this  first  meeting  took  place  beginning  in  1988,  and  the  technically 
successful  and  socially  entertainlr\g  1CMWFT'90  was  the  result.  Dulng  the 
plsi  lary  session  of  that  meeting,  which  Was  held  in  the  Chinese  Year  of  the 
Horse.  H,C.  Hu  showed  a  slide  characterizing  this  series  of  conferences  as  a  herd 
of  horses  following  a  lead  horse,  designated  as  ICMWFT'90,  and  expressed  the 
hope  that  similar  conferences  would  follow  just  as  the  herd  followed  the  lead 
animal.  It  appears  that  his  wish  will  be  fulfilled,  since  there  are  now  at  least 
preliminary  plans  to  hold  conferences  in  China  on  this  growing  area  of  research 
every  even-numbered  year. 

This  conference  Is  recognized  as  a  forum  for  the  presentation  of  research 
results  from  the  very  capable  scientists  and  engineers  at  China's  universities, 
research  institutes,  and  factories,  but  it  Is  an  international  forum  in  a  very  real 
sense.  At  last  count,  approximately  95  papers  from  Australia,  Belgium,  Canada, 
Egypt.  Franco.  Germany.  India.  Japan,  Lithuania,  Poland,  Republic  of  Chirra, 
Russia,  SwitzertorKl.  Turkey.  Ukraine,  Ur^ed  Kingdom,  and  United  States,  in 
addition  to  86  papers  from  the  Peoples  Republic  of  China,  had  been  received. 
The  conference  organizers  hope  that  this  meeting  will  be  an  effective  forum  for 
the  exchange  of  Ideas  between  members  of  the  intematlonol  mllllmetor-wave 
and  far-infrared  commurtty  and  that  those  who  attend  will  find  this  exchange 
useful  in  their  work. 

The  venue  for  the  conference  is  the  Yanxiang  or  ‘Flying  Swallow*  hotel, 
located  about  midway  between  the  Beijing  International  Arport  and  the  city 
center.  The  Yanxiang  Is  a  modem  three-star  hotel  in  the  Chinese  style.  Its 
location  Is  convenient  for  sightseeing  and  dropping,  and  a  variety  of  dining 
rooms  and  recreational  facilities  ore  available  in  the  hotel. 

The  conference  organizers  would  like  to  thank  the  Georgia  Tech  Research 
Institute  which  has  provided  Initial  funding  for  the  organization  of  this 
conference.  The  U.S,  Army  Research  Office  provided  funding  for  partlc  support 
of  some  Invited  speakers  from  the  West,  and  the  Chinese  Institute  of  Sectronics 
and  the  Notional  Natural  Science  Foundation  of  China  have  provided 
cooperative  support.  The  program  organizers  and  digest  edifor  would  also  like 
to  thank  Mr.  Rick  Hoffrier  of  Georgia  Tech,  who  designed  the  Rrst  and  Second 
Calls  for  Papers  and  aided  In  formulating  this  digest  and  the  Advance  Program. 

M.  von  Ortenberg  H,C.  Hu  R.  W.  McMillan 

General  Chairman  Program  Co-Chairman  Program 

Co-Chairman 


Bramschweig,  Beijing,  and  Atlanta 
May  24, 1992 
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IN  MEMORIAM 


James  J.  Gallagher 


1922  -  1991 


Jim  Gallagher  was  dom  in  Albany,  NY  on  November  15, 1922.  He  entered  Siena  College 
in  the  fall  of  1941 ,  enrolling  in  the  School  of  Business.  While  at  Siena,  he  playea  on  the 
nationally  ranked  bosketbali  team  and  was  oresident  of  the  sophomore  class.  He  entered 
the  Army  in  1943  and  served  until  the  end  of  World  War  II,  completing  his  tour  in  the 
Philippines.  Gallagher  graduated  from  Siena  with  a  degree  in  physics  in  1948  and  earned 
a  Master's  Degree  in  Physics  at  Columbia  University,  studying  under  Nobel  Laureates 
Charles  Townes  and  Willis  Lamb.  After  doing  further  graduate  work  at  Johns  Hopkirs 
University,  he  worked  for  a  time  at  the  JHU  Radiation  Laboratory. 

Jim  was  especially  gifted  and  motivated  to  share  his  knowledge  with  younger  scientists, 
engineers,  and  students.  He  was  instrumental  in  establishing  the  interne  research  program 
at  Georgia  Tech  Research  Institute  and  served  as  the  first  chairman  of  the  International 
Conference  on  Infrared  and  Millimeter  Waves,  held  in  Atlanta  in  1974.  This  conference  has 
been  held  every  year  since,  alternating  between  locations  in  the  U.S.  and  abroad.  In  1990 
he  was  General  Chairman  of  the  first  International  Conference  on  Millimeter  Wave  and 
Far  Infrared  Technology,  held  in  Beijing,  China.  He  served  on  program  committees  of 
several  other  International  conferences  and  has  more  than  200  publications  and  meeting 
presentations. 

Jim  was  a  man  of  extraordinary  warmth,  a  trait  not  evident  in  reading  a  list  of  his 
accomplishments.  He  helped  and  encouraged  many  students  and  young  scientists  in 
their  careers,  and  was  very  generous  with  his  time  and  abilities.  He  could  be  found  on 
many  Saturday  mornings  in  the  laboratory  at  Martin  Marietta  or  Georgia  Tech,  heioing 
some  young  scientist  with  a  thesis  problem  or  sharing  his  knowledge  of  millimeter  wove 
science. 
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Ro^istrotion  Poiiod 
Sunckiy,  August  16, 7PM  •  10PM 


Monday  PM,  August  17, 1992, 1330 
Inviiad  Plonary  Sossion  M2 
Praskton  R.  W.  McMRan 


Monday-Ihursday,  August  17-20, 6  AM  • 
12PM 


Monday  AM  August  17, 1992, 0830 
Invited  nonary  Sossion  Ml 
Prosider:  H.C.  Hu 

W«leom*  caid  Mioduetory  Ramarki,  M.  von  Orlanowg. 
_ H.C.  Hu  and  B.W.  McMion _ 

M 1 . 1  ‘Sub-MUUmatM  MIeiowav*  Spaehoacepy  wlh 
PiMKiiy  Bodotion  Soure**'  •  Af.  Knjpnov. 
ln«mulB  of  Applied  PMvacj,  Acooamy  of 
Sciences  of  Russia.  iOSAOO  Nizhny  Novgorod. 
Rus^ 

M 1 .2  ‘Beseoich  on  MUmefer  Wove  Propogoflon  in 

Chino*  -  M.  G.  2hang.  China  Research  Instlluta  of 
Rodiowave  Ptopogafton.  Qingdao.  P.H.  Cnmo 

Brook 


U1.3  ‘Novel  Strange  orsdlWiashorf-PulaeMId-aitd 

Far-Infrared  losers  ortd  Their  AppSeotiorw'  •  F.  K. 
Kneubuhl.  Suvist  Federal  Insftfuto  of  Technology. 
Zurich.  Switzerland 

M1.0  ‘Opilood  Phase  and  Ffoquonoy  Control  Of  FET 

OadSalof'.  f.  J.  Uoo.  Being  Vacuum  Electronics 
Research  insmute.  Bel|ihg,  P.R.  China  and  R.  W. 
McMBon.  Georgia  Iruttlute  of  Techixslogy. 
Atlanta.  GA.  USA _ 

Lurseh 


MZ1  'A  Nmr  MSedone  of  Active  Devlea — Vacuum 
Mloreslsetronics  and  Hs  Preliminary  Bsseoreh  in 
PJt  China’.  Han  C.  Hu.  Basing  Vacuum  Elecironici 
Research  institute,  and  Guang  Y1  Uu.  Electronics 
Resaach  Institute.  Chinese  Academy  of  Sciertces. 
BeUmg.  P.R.  China 

M22  ‘Study  of  the  Oynomloal  Properties  of  E 13  Centers 
In  CoAs  by  Miared  and  MUUmeter  Wove 

Meaerrements’.  Tyuzl  Ohyama,  Osaka  University. 
Osaka,  Jofsoh 

M23  ‘Whispering  Gaiety  Mode  In  DMeetrle 

Wdveguide  and  DIeleclile  Besoncdots’,  Sheng 
Gong  Uu.  Unrveraly  ot  Electronic  Science  and 
Technology  of  Chino.  Chengdu,  P.R.  China 


Break 


MZ4  ‘MJSimeter- Wave  Quosi-O  pticol  Bectlylng 

Antennas  for  Power  Ttanimisdon  AppSedloru'. 
Kai  Ctrong.  Texas  A&M  University,  College 
Station,  Texas.  USA 

M25  'Inierbond  Ttansklon  Modulcded  FIR  Cyclotron 
Resotvsnee  In  SomicoiKtueloit',  S.  C  Chen  and 
Wei  lu.  Shonghiai  Institute  of  Technical  Phyacs, 
Shanghai.  P.R.  China,  ond  Michoel  von 
Oftanoerg.  institute  of  Samiconauclor  Phydcs 
and  Optics.  Univeraty  ot  Braunsci>welg,  Germany 
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Tuesday  AM  August  18. 1992 
SMsionTI 

Radkimalry  /  Astronomy 
Boomi 

Prosidon  H.  Rothormei  08:30 


T].1  •Aa4SOH«Opi>8tnic<wUIBoo«l»TaHh> 
■RAM  ao^n  T»toioop»*.  Invttvd.  H  Rothatmal. 
M  A  Ploncic  instHut*  tor  ExIrorttMTwMol  PTiySci, 
GarcMng.  Gormany:  K.K  Grundlocfi  and  B. 
Lozarvf.  IRAM .  Soirit  Mctoto  O'Hmm.  Franco 

T1^  *Sg  JunoHon  MM  Worro  Rooohrow*.  tovttad.  A. 

Vyttovtdn.  U.  Tciaaov.  V.  S.  Shltov.  V. 

BalWc/,  S.  Kovtonfuk-  O.  Koptononko,  6- 
Piokoponko.  L  FIpponleo,  V.  Kaplunonko.  M. 
Khobipcv,  and  S.  Turygto,  trwiHulo  tor 
Radtoongtooortog  and  Boctronlcs,  Motcow. 
Ruala 


Tt.3  •BvrnmUtaworgy  ftadtonototSooofcror.Zhl 
Coi  Xu.  Ajrpto  Mountain  ObsMVotory.  Acodamio 
SkMcd,  Nonlng.  and  Shu  Shong  Pong.  Xi’an 
Spoeo  Rodto  Tochnology  toiHluto.M'an.  P.R. 
CNna 

TM  ‘FaHnOowd  BoBoon-Bomo  Imoglng  et  too 

Cygnu*  Raglon*.  A.  P.  HolensMn.  G.  Schenkar.  St. 
Oorc.  and  F.  K.  Knoubvtoi,  SMta  Fodaroi  mstttuta 
of  Tochnotogy.  Zurich:  ond  0.  Huguanin,  Gw>«va 
ObMtvaiorv,  Souvwny,  StMtorkind 
T1.5  *5  mm  Mtoroaw  Bodtematt  Soorwlng 

Antanno*.  Zong  2han  Shan  and  En  Hii  Zhao. 

M'on  kuttula  of  Spoca  Radio  Tachnology.  Xi'an. 
P.R.O*)a 

T1.6  'ConaiaHonRanactomatryVIaSieehadlonotaa 
SIgnaU'.  V  Koroiiayov.  ICA.  Lukin.  O  & 
Povfchonko.  R.O.  Povichanko.  VA.  RoktlyonSiy. 
and  V.P.  Shatfopotov,  kutltuia  of  RadiophySct 
and  Elacfronict.  Kharkov,  Ukiatoa 


Tuesday  AM  August  18. 1992 
Session  T2 

Atmospheric  BTects  I 
Room  2 

Presider.  C J.  Gibbins  08:30 


T2.1  ‘Invanton  of  Sola  DWitotSioa  Along  EoSh^paca 
path  by  Maiaorologlo  Radar  and  SoMMa*.  Do 
a^ong  Hu.  China  SaMorch  katttuta  of 
Radknuova  Piopogaflon.  Qingdao.  P.R.  CNna 
T2.2  'ConalaHoitoiaaudinaaaividRoinComponanl* 
of  MHmatar  Radio  Wova  AMamioHon  in 
Hydrornaf  aorotogleal  Fornioltona  In  tho 
Iropotphara'.  V.V.  Slrogarrov.  RocSophydcol 
Ranorch  Intltuta.  Nfihny  Novgorod.  Ruolo 
T2.3  'Rain  tnduead  DapoloitzcRIon  al  MSImalar  and 
Sub'  Mllmalar  Wovaa  In  a  XTon  {nvtoonmanr.  Y. 
Yon.  Xldlon  unrYorkty.  Xi'an.  PJZ.  Okna 


Sraok 


12.4  'Maowramanli  of  Almevharto  AHanurSlon  In 
Ih#  Raglon  of  300  GHS*.  N.l.  Furodxiv.  V.Yu 
KoSrov,  and  BA  Srardlov.  Rodiophydoal 
Rataorch  mntula.  Nizhny  Novgorod.  RumIo 
T2.S  lha  Magralton  Ibnaa  oitd  Iho  RoMoS  CSmaHe 

ClaaModion  In  China’.  Oing  Shang  Dong. 
Qingdao  Raiaarch  Cantar  of  CRIRP,  Qingdao. 
P.R.  Chino 

T2.6  'MlUnatar  Wova  PropagoHon  Expadmorf  In 

Sand-Oud  eorm  and  Smoka*.  QIng  Shang  Dong. 
Qkiodao  Raoacrch  Cantar  of  CRIRP.  Qingdao. 
PR.  China 


vil 


TtwsdoyAM  AugiurU,  1992 
S«ssion13 
FEL  and  Orotron  I 
Rooms 

ProsidoR  Y.  A,  Myosin  08:30 


T3.t  'ComporlaonBatwMntlMflLRadallanand 

Cyctotfon  BodUSIon',  Yuan  2hao  Yin,  Institute  of 
Electionlcs.  Academia  Snlea,  Belling.  P.R.  China 
T3.2  'Flee  EieeiranlawrwMiElceiren  Bing  and 

Eleettomagnetie  Ptanping  Wave*,  Invltad.  Yuan 
Zhao  Yin,  Insttiute  of  Electtonici.  Academia 
Sinica,  Beijing,  P.R.  China 

T3.3  *$imulaHon  el  Fa  Pumped  by  Qeeliomagnaiie 

Wove  In  the  Retallvidle  Baofcwaid  Wove 
OseiMof,  Tton  Quon  Deng.  University  of 
Electronic  Science  and  Technology.  Chengdu. 
PR.  Chino 


Break 


T3.4  “Study  el  Centbneler  and  Mlllmalar  Wove  Ronge 

powsiiful  Oretroiu'  Blleienl  Regime*  al  the  IRE  of 
the  Academy  el  SdettesM  el  Itie  USSR*.  Invited. 
Ye.  A.  Myosin,  V.  0.  Kotov,  A.  N.  Soloviov,  S.  G. 
Tchigarev.  L  M.  Nutovich.  IJ.  Tdtton.  U.  V. 
Andreev.  T.  A.  Uttdna,  Institute  of 
Rocaoenglnoeftng  and  Bectionics.  Moscow. 
RuePd 

T3.S  The  Spoee  Charge  ERect*  in  OiMtonortd 

EEC8M  Meter*,  av  QIng  Uu.  'nstttuie  of  Electronic 
Product  Relobtiy  and  EnvUortmenlol  TesUng  of 
Chim,  Guangzhou.  Col  Dong  Mortg  ar>d  Shen 
Gong  Uu.  UnMerdty  of  Electionie  Science  ond 
Technology  of  China.  Chengdu.  P.R.  Chino 
T3d  ‘AnolytUolIrwIobBtyinEECRMSydem'.Cai 
Dong  Xiong  and  Shm  Gang  Uu.  UnIvanity  of 
Electronic  Science  and  Technologyof  China. 
Chengdu.  P.R.  China 


Tuesday  AM  August  18,  1992 
Session  T4 
Materiats/MMW 

Apparatus  and  Measurements  I 
Room  4 

Presiden  H.C.  Hu  08:30 


T4.1  ‘Beteorch  en  the  MllmetenWove  Bodeme*. 

Cheng  Gong  and  Ke  Gin  Chen.  Sharrghoi 
Research  mslttute  of  Microwave  TcKthnology. 
Shcnghdl.  P.R.  Chino 

ia.2  'SNeided  Suspended  Coupled  OMeetiie  Guide 
Olid  Olrecilonal  Coupler*.  Alok  Kisnor  Rastogi. 
MVAM.  and  A.  K.  Ttwori,  MACT,  Bhopal.  (M.P). 
India 

U.Z  *A  Simple  Olid  Aceurole  Method  lor  Anolysie  ol 
DIelectite  Peilodle  Shueluia*' .  Invited.  Shan  Jta 
Xu.  Univerely  ot  Sciance  arid  Tectihologv  of 
China.  Hsiel.  ond  U  Guo  Sun.  Insttiute  ot  Remote 
Senang  AppiicotioiM.  Belling.  P.R.  China 
M  4  “Choraeleildle  tmpedoitce  ol  Waveguide*  and  a 
Deaign  Method  lor  Two-Seciion  Quortot-Wove 
Ttondoimort*.  Juntchiro  HadVmoto  end  Fufio 
Istiihara.  Tomogawa  Univecsity.  Machida.  Japan 
T4.S  ‘Diiperaion  Choracioritlie*  of  a  Cbeuku 

CyEndiieol  Dleioeiiie  Waveguide  wHh  Pertodie 
MelolBo  Strip*'.  Shan  JIa  Xu  and  Xln  Zhang  Wu. 
Univerety  of  Science  and  Technology  ot  China, 
Hetel.  P.R,  China 


Bieok 


T4.6  'AnalydtolaPlanatTiarMtnltdonUnewBh 
Ditconlinully  Using  the  New  TimiM>omain 
Method  ol  Line*',  hvltsd.  Ung  Chen  and  SI  Fan  U. 
Southeast  Univotply.  Nanjing,  P.R.  Chkio 
T4.7  'The  New  Appreoch  ol  Ful-Wave  Aholyd*  ol 

DIaeontInuHie*  in  a  Plonor  Ttantmisaion  Une*.  Ung 
Chen  and  Si  Fan  U.  Southeast  Unkrenity.Nan^. 
PR.  China 

T4.8  Troruietd  Analytl*  of  Micro  ditp  Slop 

OtteonMnuHleton  Aidsetiopie  Subdrole  Hawing  a 
Tiled  Opiieot  Axis*.  Guo  Wu  Zheng  and  Kong 
Srien  Chen.  Zheikptg  UrVverdty.  Hangzhou.  P.R. 
Chira 

T4.Q  “ElieienlAnalyaisolFMInettrueiutesbyihe 
•oundatV'Elemerd  MeMied*,  mwted.  Bin  Sorrg 
and  Jun  Mai  Fu.  Xi’an  Jlootong  UrUvardty.  Xi'an. 
PR.  Chino 


viii 


Tuesday  PM  August  18, 1992 

Session  T5 

Plasma  Oetection/Diagnostics 

Room  1 

Pteuden  T.  Tsukishima  1 3:30 

Tuesday  PM  August  18, 1992 
Session  T6 

Sources,  Source  Technology  1 

Room  2 

Presiden  R.  W.  McMBIan  13:30 

TS.  1  *Developmefit  ot  a  High-Pewer, 

T6.1 

'Duol  Band  MBkitefer  Wetve  OseSatois  for 

Power^toduMed  TEA  CQ,  Laser  System  os  a 

Driving  Souiee  ot  EleetrastoHe  Pkssra  Waves' . 

Invited,  K.  Sosold.  K.  Tokahadrl,  T.  ai|M.  M. 

Nagatsu.  cvrd  T.  TsuMshlma,  Nogoya  Univeretv. 

T6.2 

Msdieal  Use*.  Shu  Xian  Song,  Dong  Cheng  Liu. 
and  O  Ping  Oeng.  Beijing  Insttluse  of  TacrvKMogy, 
Berjing,  P.R.  Chino 

'Quoaloptlcal  Tronsldor  on  Bsdiy* .  A.A.  Verily.  SP. 

Nagoya,  Jopon 

T5.2  *Nen-Coherent  Befleotometiy  Method  for 

Measurement  of  Plaima  Cul-Off  layer  Position*. 

16.3 

Gdvnlov.  S.I.  Toropov.  Instttute  of  Radtophyecs 
and  Electronics.  Kharkov.  Ukroirte 
*W-Band  Harmonic  Mode  GoAsGum  Diodes'. 

V.V.  Kullk.  K.A  Lmdn.  V.A.  Rakttyandiv.  Institute  of 
Rodtoptrysics  and  Electronics.  Kharkov.  Ukraine 

T64 

Vorr  Moo  Deng.  Nanjing  Bectronic  Devices 
insIttulB.  Nanjhg.  P.R.  Chtivs 

The  Experttnenlcl  Invedigotton  of  the  Super-Slow 
Electrontogrtetle  Waves  tn  the  Periodic 
Semieonduetor  Structure*.  A  A.  BUgakov.  S.K. 
Kondrashln,  V.V.  Kutuzov.  Insittute  ot 

Radlophyacs  and  Electronics.  Kharkov.  Ukrakre 

T6.5  ’MM-Wav*  Bl-Tuning  VCO',  Invited.  Dong  Jin 
Wong  and  Oun  Fu  U.  Umvemty  of  Science  and 
Tecnnology  of  Oilnd, Hetet,  P.R.  China 
T6.6  'Ka-BandGvinn  VCOc'.Cneng  XI  Li,  IhelnstHute 
of  Electronic  Engmeertng  of  PLA,  and  Vong  LI. 

No.  Id  Indttute.  MlnlitiY  of  Mochlne^Uking  and 
Electronics  Industries  of  Chino,  p.p.  CNrra 
Td.  7  'New  Wove  PreoeiMM  kt  the  Inhemegeneeu* 
SemicondUGSon  and  Supwtotftieee*.  F.G.  Boa. 

A  A.  Butgolcov.  and  SJ.  XhonMna,  Insmute  of 
Rodtophyecs  and  Electronics.  Kharkov.  Ukraine 
76.8  ‘Corllnuous  Bodtattorr  Cenerutoi**  UtteOee  In 
Coherent  Mililnreier  Bodore  BodWIen  Prepertte*. 
Condiuelton  Schemes.  BesuBt  ol  ExpeilmenU' . 

A  A.  Kostenko.  G.l.  KWopov.  VP.  Shestopdlov. 

U  V.  Voktmchrvk.  Irrstt Kite  of  Rodloohyi«s  ond 
Electronics.  Khaikov,  Ukraine 


lx 


TuMdoyPM  AugiMt  18. 1992 
SMtionT? 

Atmo«ptMHic  Bfecte  H 
ItoomS 

_ Praridan  D  J.  Hu  13-.30 

T7. 1  1h*  AHanuottofi  ot  Baetromoonatie  We-  *$  Dum 

ta  fog*.  Inv««d.  0  J.  Hanto,  UnfMntty  o<  Wotu 
Cofaga  of  CordK.  Cardff.  Unnad  Kingdom 
T7.X  *A  Naw  Modal  of  f  taquanoy  Seeatg  of  Bofei 
Aitanuotlon'.  Invftad.  JIa  Huong  and  Da  Zhang 
Hu,  Q-ilna  Rajoorch  mottuM  of  Rodiowava 
Propagation.  QKtgdoo.  P.R.  CNna 
17  3  '£xpa(kna«ifaf  Invadtg^ton  of  Almoaphaflo  Gat 

and  Cloud  AfaaorpHon  In  MOImaiar  Wova  Bond* . 
Bln  Jin  Jlo.  Fang  Xla  Wang,  and  VIGuang  Zhao. 
China  BoiaotcFi  mtlltuta  of  Rodowova 
Propagation.  Qingdao.  P.R.  China 

T7  4  ThicfualloMof  MMWPrapagallnotnLayarad 
InhomoganaoutTuibulanl  TMctoan*.  G.A. 
Andrayav  and  SA.  Ogorov.  tndltuta  of 
Roaioanglnaaflng  and  Electionica.  Moioow. 


_ Braolc _ 

T7.5  ‘aeontilng  BacHomafaf  ond  Ahnoathartc 

AHanuaHofi  of  3  mm  Wcnra  Band*.  Pal  Yuan  Xu 
and  Yin  Long  Coo.  Shanghai  Univanfty  of 
Sctanca  and  Technology,  Shanghai.  Yl  Ting  Coo 
and  HU  Bo  Shan,  Purpia  Mouttom  Obaarwatoiy. 
Academia  Smioa.  Nar^mo.  P-R-  China 
T7.6  ’InvadtgaHonofRakHndueadXPObYUdng 
OnaranfW  AHanuoHon  d  30  •  too  eHX* .  Zhan 
Wat  Zhao.  China  Baiaoreh  inijttufa  of 
Rodlovirava  Propagation,  Qlngdcn.  P.R.  China 
T7.7  ‘Maewamanl  of  MBImatar  Wove  ScWBofton  on 

a  Tatraditaf  fdh',  ZN  Huang  Wu  and  Yo  QIng 
Tan.  Chino  Ramiach  tnitttufa  of  flodlowova 
Propagotton.  QIngdoo.  P.R.  Chkio 

T7.a  The  Uta  of  Atmoiphario  MolaoUar  Imtodoo  Una« 

fO(  Poidvo  Sanio'  *  landng  of  the  iorth't 
Sufoea*.  A.A  Shvataov.  Inxilfuto  of  Appted 
Phydci.  Nbhny  Novgoiod.  Ruola 


TuasdoyPM  Augutf  18. 1992 
Sasiic^iTS 
Malark8s/MMW 

Appormus  unJ  Maosuramar^  U 
Room  4 

Prasidar.  K.H.  Jkin  1 3:30 

T8.1  loaonColutleMafPodtdloandNenpailocSe 
Inftamoganaom  Wonllnaor  Klain  Gontan 
{quoflona*.  F.  K.  Knaubinond  J.Fang,  Suda 
Federal  Instttuta  of  Technology.  Zurich. 
%«monand 

T8.2  'Cotnplaa  PatmBKrtv  (■>  and  Patmaohaty  (tiZ 

XoOBjamaiaicd  MWPnafarVlfCTralangtha'.Kun 
Huo  Jlon.  Zhong  Chart,  end  SM  ZT^  U.  Bailing 
Indtuta  of  Tachnologv.  Ba#ng.  P.R.  Cfwia 
T8.3  ‘Mamol  Molchkig  tcoedbond  Mafhod  of 

MHImalar  Wovagiida  Ckoutator*.  Dang  Guo 
Zhong,  SouthwatfJloofang  Unmardfy.  Changdo. 
PiT.  OYno 

Waok 

Te.4  ‘SoSon*  In  Parlodte  SiuBKaea  arih 

Kart'NonlJnaartv’.  J.  Fang  and  F.  K.  KhrMbuhf. 
^nilit  Fadarol  kuttuta  of  Tachnologv.  Zurtch. 
SMtttailand 

T8.5  ‘Xo-aondNROOuldePowarOMdai'.MInoUZhu. 
Huathong  UniYwaiv  of  Sdanoa  and  Technology. 
WUwn.P.R.Chho 

Te.6  'NSO  Waveguide  ISi  Mode  boBar'.  Hong  Mo 
and  Lxm  Fan  Ql.  FlKnhang  UnAarnty  of  Sctanca 
and  Tachnotogy.  WUton.  P.R.  CWno 


Wedn«sday  AM  August  19,  1992 
S«ssk>n  W1 
MMW  D«tactors 
Room  1 

Prssiden  J.T.  Un  08:30 

W1.1  'WIdaixindSmnfWavaMUM  with  High  ir.2hou 
Ql.  No.  16instt1u^,Th«Mlnls1ryof 
Mcx:Nn»^lding  and  Elecironic*  industries  ot 
Qilfxj 

Wt  2  'DC to  t20  GHz Hcamonie  Mteerstor MOOmiHai 
Wove  IratiumenloHon'.  A.  M.  Shcfitfov.  J.  5 
ZoilsBV.  and  A.  M.  LomaWn.  Inslttule  o(  Electronic 
Meaajrsmsnts  (KVAfiS.  NBtviy  Novgorod.  Russia 
W1.3  'Detector  ofMffllmeier  Wove*  Baaed  on 

Inhomogeneous  Electron  HeoHng'.  A  i.  Vokssr. 
Institute  of  RodloptiysKa  and  0ectrorucs. 
Khortoov.  Ukrolrre 

W1.4  'AThln-EUmAntennchCeupledMOMOetec.wot 
IS  Bodlotlon'. I.  WIke,  K  Gives.  W.  Herrmonn.  and 
F.  K.  KneLCiunJ.  Swiss  Federal  Irrstltute  of 
Tectvrologv.  Zurtdv  and  Y.  OppVger.  CSEM , 
Neuctvital.  Swltzarland 

Break 

WI.S  'A  Novel  Room  tempeRdiee  Operated 

Fad-Response  FIR  Detector'.  A.P.  Dmitriev.  SA 
Emelvanov.  S.V.  Ivanov.  P.S.  Koo’ev.  Ya. V. 
Terent'ev,  and  1.0.  Yorodretsky.  A.F.  lotto  insmute. 
St.  Petersburg.  Rusda 

WI.6  'MM-WovelnPBermHaadSehonky  Diodes'. 

V  G.  Bozhkov.  O.Ya  Molakhovdry.  TJS. 
Korabtyova.  G.N.  Mlsevtctxis.  Research  Institute 
ot  Semiconductor  Oevlcei,  lomdr.  Rusda 
W1.7  *2D  Electron  Gas  os  oFat-Wraredarrd 

Mllimetor-Wave  Detector.  V.A.  Pogrebnyak. 

0.0.  Kholameiaa.  VA^.  Yakovenko.  Institute  ot 
Radioprirysics  and  Electronics.  Kharkov.  Ukraine 


Wednesday  AM  August  19,  1992 
Session  W2 
G/rotrons 
Room  2 

Presider  S.G.  Uu  08:30 

WZ I  ‘Numertool  Slmukdlons  ot  OpendlonoS 
Choroctsitdlcs  ot  CiMPtron  Tube  wlh  on 
Antt-Cooxlal-Maonelron-Type  Wowegukte 
Orcul'.  Invited.  Xiao  Mm  Wcmg.  Hong  Zhou,  and 
Kong  Sheng  Chen.  Zheyong  Uiweraty. 

Hangztrou.  P.  R.  Crsno 

W2.2  'WnulcSIon  ot  Non-Adioballo  Collector  lor 

Gyrotrons*.  A.L  Soiaenoerg  and  V.N.  Manuilov. 
Institute  ot  Appsed  Phyecs  ot  Acaoemy  of 
Sciences.  Nizhny  Novgorod.  RuaSo 

W2.3  'ANudyorHonnonleOyietronswIhrwo 

SruciuieS'.  Horrg  Fu  U.  Pin  Zhong  Oo.  ond  JIan 
KOI  Hu,  Univeniiv  ot  Eiecironic  SCMnoe  and 
Technology  ot  China.  Chengdu,  P  R.  Chino 

W2  4  The  Helical  Cerenkov  Effeot  otmI  Hamnonk: 

Emlsslnn  in  a  Medhifn’.Josio  Sob.  Horry  Diamond 
Ldoorotones.  AOeiphl.  Motyiarid,  USA 

Brook 

W2.5  'SubmlUlmelet  Cyclotron  Resonattc*  Losers  and 
Thsk  AppBoallont'.  Yu-B.  Voelyev.  Yu.L  Ivanov. 
S.D.  SuchaUdn.  A.F.  lotto  Inilltule.  St,  Petersburg, 
Rusaa 

Vif2.&  'Production  and  Stvidy  of  Akls<3ieSng  Etoetron 
Booms  for  Penioifons',  V.O.  Yeremka.  Inslttu  ot 
Rodtophyecs  and  Electronics.  Kharkov.  UkicSne, 
(md  !.I.  Goienitdiv.  8.C.  0|U>ua.  O.W.  Evtudienko. 
V.P.  Sazorrov.  R  4  P  Corporottcn.  Fryczmo.  Ruata 

W2  7  'Powst  and  Bond  Charoelsrtslies  ot  Autetssonont 
Ampuner-Penlotron'.  V.O.  Yeremka  and  VA 
ZhurakhovdUy.  InsStute  of  Rodtophyecs  and 
Electronics,  Khoikov.  Ukrar>e 


WadnMdoy  AM  Auoutt  19, 1992 
SMiionWa 
Spaciroaeopy  i 
Rooms 

ProsidOR  N.  Mtoo  08:30 


W3.)  *Th*ConoaplanaMonnano*e(aCoMlnuou« 
SubmHfenaiar  Wav*  ip*c<iem*>*v  In  th*  Song* 
o<  850 1»"*  <0  nvn  Wavinngih' .  IrwHad.  t.A. 
Vlnogfodov,  Owwwl  Pttyact  Inittut*.  Moscow. 
RuWa 

W3.2  Towlon-aotoaon  B>  Spsehum  el  **CO,OM*, 
li4tong  Xu  and  R.  M.  L*M.  Umvanttv  ol  N*w 
Biunswlck.FnKl*ilclon,N.B..Md  J.W.C  Jonns. 
Notlortd  R*aioreh  Counel  of  Conoda.  Ottawa. 
Canada 

W3.3  ‘Mterowov*  AbaoipHon  and  Comptax  fomteSian 
k«  Som*  0*not-Aoe*p<of  MUfwM*.  K.N.  Abd  El 
Nour.  M.Z.  B  Sab**,  otd  Si.  Abd  B  M*saah. 
Notlonat  R— orob  C*nti*.  Cairo,  Egvpt 
W3.4  Toflnhoi*dlontSfarttSp*efioscopyo<0-H 
Maftenek  MaonMIon  of  BaeMe  Olpel* 
Momaiif*,  S.  R.  Sudhokoron.  Stot*  Univardty  of 
Now  York.Oswago.  NY.  USA;  R.  Gopoftamv.  I 
MuldwpojTyciv.  PX  Gupta,  and  R.  Praiad. 
Ooponmant  of  Atomic  Enoigy,  indora,  Inoia  R. 

M.  Usat.  UrtlvanilY  of  Naw  Buwwick.  Fiadohcton. 

N. 8..  Ccstoda'  end  R.R  J.  Goutdina.  Mamorku 
UnNardfy  of  Nawtourtdknd.  Sf.  Joins.  N.F  . 
Canada 


W3.S  tidMiinimsIat  Mognalfo  ortd  Plolaofifc 

PiapaitlaaoffttaBura  fadtiOdhofantas'.VB. 
Aniin.  G.B.  Kodov.  IP.  Labadav.  AA.  MukMn. 
AS  Aotfiofov.  Institut*  of  Ganatol  Ptiydcs. 
MoKOw.Ruida 

W3.6  HiaMarawavaPbetaoondueNvIyofaGaptaw 
tawfoonifcielor  Ptaduoad  at  a  taait  of 
FoanaHon  of  on  inaiVY  Gap*.  &G.  GanvZoda. 
E  A.  Saf'kev,  osd  GA  ShapaWry.  Mututa  of 
Samtconductors  of  Utoam*.  Klav.  Ukraina 
W3.7  *ElactoffhaMaonalloHaldonfhaPolottodfon 
of  Thaonol  EitMon  from  on  lattirepio 
tamfoonduefor,  AG.  KodYUtb  and  VA 
Mofoobanto.  mslHut*  of  Somloonductora.  Klav. 
Ukrom* 

W3.8  ^tfOMndsdoiK  Raflaoflona  and  AboMpIfon  In 
TnatootadlwpadaMo**.  R.  Bradiartd  L 
Safonova.  MHuta  of  Samiconductor  PhytlCA 
Vkilut.Utxjonla 

W3.9  •DIalaotilBakaoofalfMOonafMntatMsal 
SMbmOknalai  Wnvalangffw  udng  IWO 

tpaokaifufaia*.  VJ.  Anzin.  YuG.  Goneborov. 
B.P.  Gordwnov.  G.  V.  Kodov.  S.P.  labadav.  AA. 
Volkov.  Inflluta  of  Ganawf  Pbydet.  Mowow. 
Ruoki 

W3.I0  “0100101*111018111  alWwalai  lUhwiMkmfn 

m*M  by  Ihw  a«  BWO  SpaakaowiaW'.  V.a  Andr^ . 
Yu.G.  Goncboiav.  BX  Gonbtnov.  G.V.  Modov. 
SJ».  labadav.  AA  Volkov.  Indifufa  of  OanavQi 
Pbvdct.  Moscow,  fluofo 


WwdnMdoy  AM  August  19. 1992 
S4MaionW4 
Intogratad  Clfcuits 
Room  4 

ProsidoR  K.  ettong  08:30 


W4. 1  ‘Dadgn  and  Padeonom*  of  a  Ko-Bond 

kdagRdad  Oieiit  Ufsar'.  Bloo  Wong.  Boo  OIng 
Zbou.  and  Un  X*  Bal,  InsSWla  of  Taebnioal 
Pbydes.  Sbarxjbaf.  P.R.  China 
W4.2  “Ko-Bond  GoAsGiawMMICVCO'.Invnad.n^ 
loi.  Moo  S*o  Wong,  and  Jin  Ting  Un.  Nanjing 
Elactroruc  Davica*  Instluta.  Nanjing.  PJl.  China 
W4  3  “Ptogias*  b  MUmaiawWova  kriaotWad-OieuS 
Hem  AniaoMM*.  Invtfad.  vong  Guo.  Oamaon 
UnMstaty.  damson.  Souib  CoroSna.  Jung-Chib 
Chioo.Xant  A  Pottar.  and  OoMd  B.  Rutladga. 
Calforma  Insmula  of  lacnrrologv,  Poaxiana. 
Cattomla.  USA 

W4  4  “Mlilmaiat  Wove  kdagwdad  CkoiKta  Boiad  on  a 
OMaeMe  Sloitad  Wovagidd*'.  &  E.  Bankov.  V.  O. 
Vaaukov.  M.  0.  Oupiankova,  V.  I.  Koniebav.  V.  N. 
Xoun.  U.  V.  Kutanov.  I.  v.  lavcbanko.  E.  V. 
Rooionova.  the  Moscow  Power  Engmaattig 
Inxmute,  Moaoow,  Riada 

W4.S  “AppSeoHan  of  C02  Laser  To  Fonnafloa  ef  lOeon 
Cabal  Sasidiv*  Flms*.  A  Madvid.  T.  Purti.  J. 
Koupuza.  M.  Ogifns.  orKi  A  KcSnoco.  Riga 
lacbmcol  UnivarsilY,  Riga.  Latvia 


Xii 


WodnAsday  PM  August  19, 1992 
SatsionWS 
Ouasi-Optics 
Room  1 

Prosidon  R.  W.  McMiBan  1 3:30 


WS 1  'Aeoural*  Stodfamognaile  StanutarHon  e4  Op«n 
RcMiMton  Load*d  with  0M«cMe  Siabt  and 
Pdiiedlo  OiaHno<‘,  Invtted.  Alexandw  I.  Nosich. 
BUkent  Untwr^,  Ankara.  Turkay 
W&2  'Opihniiollon  0««ign  and  Expodmont  (oi  S  mm 
Ouad^pflc«d  Poww  Combinof  o(  Selld-Stota 
Seutc««‘,  Cneng  Tksn  Xua,  U  Mkig  Lei.  Hui  Zhen  U. 
Hal  Wen  Zhang,  and  Ylng  Uu.  Nonkol  Univetary. 
Qkio  Min  Wang.  Tianjin  Univeraty.  P.R.  Chino 
W5.a  'pedgn  Frequency  e(  ihe  NeacMIlmeler  Wave 
Quad-OpH^  McnoDihle  Olede-Gttd  Frequency 
Mulipter  Anov'.  R.  J.  Hwu  and  LP.  Sodwick. 
Univofsty  of  Utah.  Salt  Loke  aiy.  Utah.  USA 
W5.4  ‘A  New  Klr>d  el  Ccmpouftd  Mleredrip 

Quad-Opficaf  Fewer  CombIrMH'.  Vl-Jun  He  ana 
Quorvfiong  Vang.  Research  insftfute  of  E.VIf  ana 
Microwave*. Southeast  umverstty,  Nonjlng.  P  K 
China 


Break 


WS.5  'A  Selld-Sfafe  Generator  with  a  fluadoptical 

Dieleefrfe  Reeonotor".  S.  N.  Kharkovary  one  A.  Yc. 
Kirichenko.  Insttfute  of  RrxHophyacs  and 
Elecironics.  Khorkov.  Utoralne 

W5.6  'Fenite  and  Semieortdudor  Quasieptlcal  Device* 
el  Mllmetric  and  Submlllmetrle  Wove  Bond 
l■olatort,  Clrouloior*,  and  Swiehe*' .  Alexey  A 
Kostenko.  Grigoriy  I.  Khlopov.  Victor  P. 
Shestopalov.  and  Uriy  B.  Yoklmchuk.  institute  of 
Rodlophyacs  one  El^tronlcs.  Kharkov.  Ukroirw 
W5. 7  'Study  on  Quod-Optical  Sphereeomereehelelle 
Open  SeMnotor  Solid-State  Oseildor*.  O  i 
B^us.  A.I.  Faun.  A.M.  Fvksov.  A.A.  Kirilenko. 
Institute  of  Radiophysic*  ond  Bectronics. 

Khoricov.  Uloakie 

W5.8  The  Coteulalion  of  the  TrandttoiM  Between  the 
Ouod-Opilcrd  Waveguides'.  Vladimir  K.  Klsslyev 
and  Tam  M.  Kiuhta.  Institute  of  Rrxsophysm 
and  Electronics.  Kharkov.  Ukraine 
W&9  'A  New  Type  o(  on  Open  Resoitator  for  MM-  and 
Sub-MM-WoveiengIh  Range  Cleetran  Devtoes* . 
V.P.  Sazonov.  Research  and  Production 
Corporollon  Istok*.  Fryadno,  Russia 
W5.10  -ElesnenisellheDIBfoeHonQuasiopHcsrPaii  I: 
The  Main  Prapeille*'.  I.V.  Mlnki  and  O.V.  Mkiln. 
Instttirte  of  Applied  Phydes.  Novosbkdc.  USSR 

W5.  i  1  'Element*  of  ihe  OWroetlon  Quastoplieq  Part  3: 

The  Mom  AppleallofM'.  I.V.  Minin  and  O.V.  Mhin . 
Insttlule  of  AppBed  Fhydes.  Novodbkdr.  USSR 


Wednesday  PM  August  19, 1992 
Session  W6 
Maierials/ft/ntlW 

Apparatus  and  Measurements  111 
Room  2 

Presiden  U.  Zhou  1 :30  PM 


W6  I  'Colculollan  oi  S-Porometers  el  Planar  Juneiloia 
by  Boundary-Element  Method*.  Bln  Song  and  Jun 
Mei  Fu.  M'on  Jxxjtong  Urwersilv.  tO'on.  P.R, 

China 

W6.2  'On  tho  Elimination  otlnfinille*  In  Ihe  PO 

Compononl  oi  EquIvolonI  Edge  Cunords' ,  Toner 
Oguter.  Ayrxjn  Alfintas.  BUkent  University:  md  O 
Merih  Buyukdura.  Middle  Eost  Technical 
UnNeraly.  Anxora,  Turkey 

W6  3  'Analyds  oi  Tronanisdon  Chaiocterldic*  oi 

Inhomogoneoui  Planar  Dloioctrlc  Waveguide* 
Using  Method  o(  Tioniiet  Motrtx* .  fu  Yong  Xu.  Ke 
Yu  27>ao.  Zhong  Ying  Yang,  and  Fen  U.  Lanzhou 
Univeraly,  Lanzhou.  P  R.  CNna 
wo  A  ‘Electiomognclle  Whispering  Gallery  Mode*  in  a 
Radiai  Layer  Dielectric  Resonalor'.  Ya  F.  Fili|XX>v. 
S.  N.  Khorkovary,  ond  Z  Ye.  Yeremenko.  Inslllute 
of  Rodiopriyaci  and  Elecironics.  Kharkov. 

Ukramo 

W&5  'Dlntenaonol  Optlmtialion  oi  Conugated 

Rectonguior  Flexible  Waveguide*  m  MBDmelef 
Bancf,  Voo  Kun  Chin.  Huo  Yoo  He.  ond  Y1  Xki 
Yang,  Shonghol  Iransmisaon  Lirte*  Reseorch 
instttuie,  Shonghot.  P.R.  China 
W6.6  *A  New  CaUbrolion  Method  lor  Ihe  Four-Port 

Ref  lectomotoi' .  Hong  Xing  Wu.  Oo  Quon  LM.  and 
Chu  Huo  Pan.  Zhongshan  Unhretdty.  GuonG^tou, 
P  R  China 


Break 


W6  7  ‘Autonxdle  Meosurement  lor  OMecMe 

Properties  oi  Solid  Molotiol  of  B90  Giu'.  Invtted. 
Bmg  Sheng  Qiu.  Cheng  Jld  Uu.  Jiorrg  Jun  Huong, 
and  Ru  Man  Siu.  Zhongdxsn  Universily. 
Guongzhou.  P.R.  Chma 
W0.8  'Higher  Order  Mode*  mcooalai 

Chhowovegulde*'.  ZJvong  Xkng  Shen,  Nor^ng 
AeronaulkxS  kistltute.  Nonjlno.  P.R.  China 
W6.9  'Research  on  Improving  Isoloilon  oi  B  mm  PIN 
SwBeh*.  Chun  Zhou.  Yu  Fang,  Pu  Mlr>g  Fong. 
Uong  Chen  Wong.  U  Wong,  ottd  Pong  Zheng, 
katitute  of  Sermoonductoa,  Acodemlo  Skrica. 
P.R,  China 


xlii 


WadnMdayPM  Atiginl  19. 1992 
SMiionW? 
Spactnacopy  II 
Booms 

ProsiciM:FXKMUbuN  13:30 


W7.1  *FaHnliamdS|Metial{mWai)liain$lnnpl*lonlc 
Hcni* .  tnvttad.  Kumao  HInno .  Notonol  OafansB 

AoocMfny,  VotoaJca  Japan 
W7.2  *W«wirtlon«lihn»nHMrmlirWoy>ofc»oi>d 
Nonpolar  MotoeutM'.  Jlon  Bo  Chan  and  Bln 
Hong  U.  Shanghai  Jioo  Tong  0n»rantty.  Shanghai. 
PJJ.Chha 

W7.3  ‘tarlBTiaiMmManSpoeOaalVBa^OMThln 
nim',  A.  Hodnl  and  X  Goipauc.  Unlvarsty  of 
Nancy.  Nancy.  Franco 

W7.4  ’Ab«oiptionPiopoillo«a(PufoWotor  Vapor  al 

297. 343. 412,and  440  OWr.  Ni.  FuoProv  and  V. 
Ya  KaSeov.RodlophyOcal  Botaoreh  mdtluta. 
NUhny  Novgorod.  RuiOa 


W7.5  'AppBcoHonoflRatdRBBadUloalnHIgh 

Mognolle  nald3poeiraaeopy*,ln\4lBd.  N.  Mkjra. 
UnNardly  of  Tokyo,  Tokyo.  Japan 
W7.6  *E«potlmaftf«i3lMdyaf  Fot»4uMaMeo 
AnllonomagrMt  0^a,’3Hfi  Bawnorrco 
Propoitlak’.  V.  V.  Eramanko,  &  A  Zvyagin.  V.  V. 
PWVco.  Va  9.  PoPMvich.  and  V.  V.  Shokhov. 
Irutltula  Ibr  low  Tamparalura  PhyOcsond 
Engkraartng,  Wmkov,  Ukiakra 
W7.7  ‘t  Bianr  lontraoBudranir  lowr  an  Bofaltoool 
IrondHen*  of  Molaaaiat'.EVa  Kogan  and  N.  E. 
Molavich.  Prrdagogloal  kitinuia.  Samara.  Runa 


WodnMdoy  PM  AuQint  19, 1992 
SaidonWS 

Soureas,  Sourea  Tachnology  II 
Boom  4 

Prasidar.J.T.Un  1*.3QPM 


WS.I  -SliMlyoraOunnOMaciorWarkabiatnOual 
■and*'.  Mng  Hau  Uu.  avoikxrg  IMvaraty. 
Hongmou.  P.R.  CNna 

W8.2  *Tt«lng  PatTontiorroo  ol  Ko  Bond  Bodol  Una 
Varactor  Coiarolad  O«aalo«r .  Near  Sunon. 
Corrodlcn  Soaoa  and  T  Wacom.  Inc..  Ortaoru. 
Onfono.  Cenodo 

W8.3  •y-Bond  HIpNy  Stoblfaod  Conn  Oraaolof. 
Invilaa.JIHuoCaoarrdJInMkig  Zhong. 
Univarnty  of  Sdarrca  and  Tacnnology  of  CTVna . 
Helal.  P.  R.  CNtra 

W8.4  'WIdo  tango  Timoblo  fuPinaimatcr  CyoMton 
Boranrareo  Cctmonlum  lorar:  Ipoulrol 
ChotaetoiMlao  and  ApptoaHoit*',  YoA 
Milyogln,  V.N.  MuzP.  S>.  StoUHtay.  and  O.N. 
SWponov.  Pit.  Laoadov  Phydocl  InraKila, 
MoKow.Riada 


Wa.S  *Voraeter  Tuntng  tori  mra  llonwonlo  Omtkdon'. 

Jun  Uu  TcU.  Chongqing  kwHIula  of  Pofli  and 
loiacofntnurvooitofM.  Chotrgqing.  Zharrg  Oo  Wu. 
and  Moo  Hong  Torrg,  Univardty  of  EiBCironIc 
Sdarrca  and  Tachnotogy.  Chaingdu.  P.R.  China 

W8.6  ’Supordow  WowaohtPatladtoSIraetaao'.AA 
BtJgakov  and  VX>.  Korolav.  kwWula  of 
Rodtoptryaci  end  Elaclronlc*.  Khortov.  Ukiotrro 
W8.7  'HIgMyaablaKa-BandOalUOunnMoraditp 

OralMoi'.  krvtiad.  Da  Oo  Zhoo.  Yon  Moo  Dang. 
Hong  GU  OP.  Bbr  Qian  Tang.  Jlo  Lkrg  Zhang, 
Xloo  Pang  Stp.  orKt  Kol  Shoo.  NanBng  Elacirenic 
OovlcoiPrltuta.  Nanjing.  P.R.  China 
W&6  “Opan  Baranraata  wBh  MatnWrro  Iw)taaon*.l.G. 
Kunntterrav.AAKoitanlcc.S.t  WVopow.V.P. 
Shaaropoiov.  u.V.  Vctiknchiyk,  kiaBluia  of 
Rodoptryaci  and  Efactronlca.  Kharkov  Uloaino 


xiv 


Ihuraday  AM  August  20. 1992 
SMsionThI 

AppHcotiofu/Systoms  I 
Boom  1 

PwsidM:  S.F.  U  08:30 


Th).1  DMQuMttorAniMWCiilMnwtdafWUABand 
Mullunelloii  Wiawd  Anoyt*.  InvMO.  N.  fourlkU. 
0«<«nc*  Sdanc*  and  T«chnotogy  Otganmtlon. 
Scttbuy,  South  Audrala 

ThlJZ  ’HHa  Wwfliti  Pwoiwlna  Tochnlqu—tor  gMCW 
Mittmtar  WW«  Sociar’.  Song  Huo  Ha.  Gut  Rong 
Guo.  )Qu  Huong  Guo.  and  Wat  2hang,  Chongm 
Insitiuta  of  Tachnoiogy,  Hunan.  P.R.  China 
lhl.3  Tha  longwwa  aaJQllow  Aiound  SuSdtogt  ^ 
DKaraid  Anglad .  H.  NomoK  and  K.  Cana, 
Tachnieoi  Unlyanity  of  Wroclaw.  Wroclaw, 
Polond 

Tht.4  ‘AnolydaelSInaulDflyellhVanApathirawlh 
lOEM*.  Ka  Ma  Huong  and  Vong  Xua  Yu.  Sichuan 
Univanity.  Changdu.  P.R.  Chino 


traok 


Thl.5  'A  FttneHofi  of  lotafol  InMbMan  Spaelium  catd 

Naural  NafwoitM  In  Haof  Imoga  Hondtof*.  YI  Qian. 
Oaporftnant  of  Spoca  Phyact,  Wiixm  umvacaty. 
Wuhan,  P.R.Crilno 

1h).6  •AppSooHow  a<  MBImalinWdva  Bodor  In  fha 
Treiaafaiy  Maaaaaiwanf  a(  OumT.  Guong  jh 
Zhang.  Wan  Mang,  and  J  Guang  Wu,  East  China 
Indltuta  of  Tachnoiogy,  P.R,  China 
ThT7  ’Unlyana,  Human  MngA  and  MMmalatW«wa«*. 
Wan  Zhou  Huang.  Pu  Chang  Mao.  and  Jin  Zhen 
Hong,  K4lcn  Ught  Indudry  feumula.  P  JT.  China 
Ihl.8  TadkigSydamfwHIghltolaNenadmil'Wava 
Oodciaatn*.  Dong  Jin  Wong,  Dun  Fu  U.  and  Yuan 
Zhu  Oou.  Univardty  of  Sdanca  and  Tachnoiogy 
of  CMna.  HaW.  P.R.  CMna 

Th1.9  'An  Invadigalion  a(  Nm  V  Chonnal  Couplng  and 
lha  »  Spooa  Couping  W  o  MuStchonoal 
MUknalan-Wdva  Sydam*.  Vo  Ming  Wong. 
Uioyang  Optoaiacironic  Inpltufa.  Uioyang.  P.R. 
Chino 


ItMnday  AM  August  20, 1992 
S«ssionTh2 

SourcM,  Sowc*  Tachnoiogy  IN 
Room  2 

ProsictoRF.J.Uao  08:30 


Th2.1  'A  lhraa-CO»ty  SalolMdlo  Ktydran  AiwpiSar*.  H 
C  Chan.  R.  A.  Starti.  and  V.  M.  Ayra*.  Novel 
Sudooa  Wortora  Cantar,  WNta  Oofe.  MO.  USA 
Th2.2  -SmmSandOS'llOOHOSWOSwaap 

Oretlolw  DMaiapmanT.  Ya  MalZhu  dnd  U 
Gong  Xu.  Bapng  Vacuum  ElaOonIc  Oavica 
Raaaorch  tnOtuta.  Ming.  P.R.  CMna 
Th2.3  Tad  of  WSOJOfffimOMSSmalaJWova  Samoa'. 
Shiu  Fong  Yang.  Soulhwad  Indltuta  of  AppSad 
Mognaflct  PR.  CMna 

Th24  *MBImalanWnva  Iwlaedan-teafcad  Fraquancy 
DMdaW.  Ru  Shan  Own.  Ming  Song  Sun,  and 
lOng  GuO  U.  Eotf  CMna  mdlfuta  of  Tachnoiogy. 
PR.  CMno 

7h2S  TnvadIgMIon  of  lha  Calhada  far  WUnttm  Way# 
Tuba*.  ZM  Zhang  Zhou  and  AIJu  Chan,  Basing 
Vacuum  Elactionict  raaaorch  moiuta.  Baing. 
P.R.  China 


Biaok 


Th2.6  ‘NatwadtSyndiadiafBFWIndawaletMMTWTy. 

J.  L  Zhang  and  G.  J.  Su.  BaRng  Voexun 
Elacironic*  Ra«csch  Iruffluta.  BaSng.  P.R.  CMno 
ThS.Z  ’MObnatar-Wova  tyidhadaan*.  GM.  AlldMSai . 
O.G.  AnMn,  0.  P.  Povlovdty,  E.  M.  KaryoUn.  V.  P. 
Kocokov.  and  A.  F.  Kiupnov.  indItuiB  ofElactroMc 
MaaaMmanli  (KVARZ3.  Nbhny  Novgorod.  Rudo 
Th2.8  ’NagoHv#  Mgli  Fiaquawey  ConduaMirly  In 
Submieron  Samleandiielor  Sbuedutaa'.  V.  M. 
Yokovenlco.  hitnuia  of  Rodophyde*  and 
Elacbonlcs.  OkhIiov.  Uhrolna 
Th2  9  ‘Bolkid  tlaoben  laomi  In  O-Typa  Oadeaawlh 
OldrIbiSad  baaraetton’.  SA  Alaiaaav.  kuKluta  of 
Baoiophvaci  and  Etactronlc*.  Khoitiov.  Ukrdna 


XV 


DwndayAM  Au0iJ«t20, 1992 
SMiionIhS 
Atmosph«ric  Effect*  III 
Rooms 

PresidoR  Y.P.  Wong  08:30 


Th3.1  ’StaOrtinandVtakMyolManMta^-Wav* 
fropogoHon  ond  liiWaBialogv  Ovw  o 

*00  m  Poih'.  InvMKj.  CJ.  SbbhL 
Applaton  Lcbofatory.  CNIlDn,  Unitod  Kingdom 
Th32  'AitonucMenandDapolariteMantofOiMnWav* 
land  Induead  bv  Mn'.lnvtlad,  J  VIng  Huong 
and  VI  Ping  Wong,  )adian  Unt>nw#y.  Xl'on.  P.R. 
CNno 

Th3.3  •atnmMlerowrBicBodlomalf  and*lty 

Bg<*omalflo  TampMOluw  OMMVch*.  ZuVln 
awng  and  Jin  bang,  Huongitwng  Univaraly  of 
Sdanc*  and  Tachnoiogy,  Winan,  P.R.  CNna 


1h3>i  *llilaiil«Calo*akaienof  BafeiAaanuaHenfor 
MObnatar  WavM‘.  2han  Son  Wu.  VI  Von.  and  LJ 
Hong  Chan,  )0dan  LInIwafdty,  Xi'an,  P.R.  China 

Th3.&  -Coiwafdonof  lO^MmOaRcMolMalo 

tqufcwlanf  l•MbtUaVdlllaa(<olnataoaMon•i^ 
China*.  Shan  Bo  Ckjond  Xkj  Wan  Un,  China 
RaHoreh  Intliuia  of  Radkuwova  PropogoMon. 
Qingdao.  PA.  Chho 

Th3.6  ‘■cMfeaooltadngOaaadaeilan  of  land  and  Snow 
Sudoeaa  on  Short  MHmotof  Wa«a*’.  GA 
Andnyyav  and  G.L  Khokhlov,  iraShrta  of 
Radloanginaating  and  Boclronlc*.  Mo«oow. 
Riwla 

Th3.7  lipaikwairtrt  InvadIgeMon  ei  Ootid 

AHanuaUon*.  Lon  U.  CNno  Rataorch  Indttvrta  of 
RodtoMova  Piopogoflon.  Qingdao.  P.R.  China 


IhundoyAM  August  20, 1992 
Session  Th  4 

Mdteiialt/MMW  Apparatus  A 
Measurements  fV 
Room  4 

PresktoR  M  Fourtcis  08:30 


Th4.1  *filgoiau*NianadoalAnalyd*af  Okiad*fByl 
TranmMM  Una^ .  Bln  So^  and  Jin  Mai  Fu. 
M'an  Jlootong  UnIvaaHy.  M'an.  PJL  China 
Th42  'boei  Singular  bdagiallqwdtonSolullenfoilha 
Moda  funeHoM  of  Nnnad  Guldaa*.  P.V. 
RomokilaKi  and  D.  Chadha.lndk9n  Intthrtaof 
Technology.  Naw  OaH.  nda 
1h4.3  *AnExamplaoSlrtebnalatWawa<SmngSoala 
Nalwortt  MaoMBamanl*'.  Shkj  Fong  Vang. 
Soulhwed  ntSliita  of  Appkad  MognaSct.  PR. 
China 

Th4.4  ‘SamaAipaeieCamMinlngClMCMrtaddie 
^oraRfMi#V9  AiQOcWiffitlof  Moin 

IiarumWon  Unaa  In  em  and  mm  Wava  Saiga*. 
R.  K.  SloioduBiovdcy.  insStute  of  Daclionlc 
MaaoJiamanS  OCVARS.  Ntmny  Novgorod.  Rioda 
Thd.5  *OpMnium0idgaalWovigirtda  Toptham 

Baalaigula  la  Gieavad  Crea  SaeHon*.  Jin  Vfeig 
Uu  and  JIan  2hang  Qbi,  Baling  Vocuun 
Eiac«anic$  naraoroh  tniMula.  BaSng.  PR.  Chkvo 


ThJ.6  ThaCharadoddleleiaHoaaf  AarmmaMo 
Detifala  Ckoutar  emova  Gulda*,  Jlcn  lot  Ma. 
Hong  e^Kig  Vang,  and  Thong  2uo  lu.  Soirthaod 
Univardty.  Nanpng,  P.R.  China 
Th4.7  •SeoHatbig  ChwotSaildIr,  i  of  IpBode  layaan 
loay  DIalaeIrte  SagmenI  PiaBaSif  read  In 
WavaguWa*' Shanfd  Old  WU  Xtahong, 
Unlvardiy  of  Sdanoa  and  Tachnology  of  Chkio. 
HafW,  P.R.  China  P.  Grolnor.  C  Ji.  Baefcar,  and  R. 
Geick.  Univerdtyof^^hsSbog.  Winbog. 
Gatmony 

Th4,8  niMMVCii  In  OiottWMj  NSD 

WavaguidaaMbn  awng  Wan.  Un  Xloo  U.  Old 
Thu  Ud.  Soulhaad  UnNarrtly.  Naning.  PR.  Chtia 

vn-Chyin  Chlang.  ChbigKuoig  txuong,  and 
Shyang  Su.  NoSonolChlao  Tung  UnNardly. 
Hrtnehu.  Taiwan.  Ropublc  of  China 


xvl 


Ihurtday  Augud  20, 1992 
Sas«ionTh5 

Applications/Sydoim  il 
Room  1 

Prosiden  S.  L  Johnston  13:30 


ThS.I  'Coftampofonf  MlIInMtw  Wav*  Badar*.  Invited. 
Stephan  L  Johnston,  Intemallonal  Radar 
Directory.  HuntsvUe.  Alabama.  USA 
ThS.2  *W-Sand  Cemnwnloellen  System  and  Elactrteol 
Wove  FrepaBotlen  Measurement  System*.  Shu  YI 
Dong,  Dong  Gou  2hang,  YI  Von.  U  Min  Qiao . 
Xldlan  Univerdty,  Xi'an,  P.R.  China 
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SUB-MILLIMETEB  MICROWAVE  SPECTROSCOPY  WITH 
PRIMARY  RADIATION  SOURCES 


Andrei  F.  Krupnov 
Radiophysical  Research  Institute 
Institute  of  Applied  Physics 
Russian  Academy  of  Sciences 
Nizhny  Novgorod,  603600,  Russia 


ABSTRACT 

In  this  paper  we  present  spectroscopic  results  obtained  with  radiation 
sources  operating  at  fundamental  frequencies  up  to  greater  than  one  terahertz. 
These  sources  are  powerful,  tunable  over  broad  bandwidths,  and  have  excellent 
spectral  qualities.  Absorption  spectra  of  several  molecular  species  measured  with 
these  oscillators  are  presented  and  discussed. 
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RRfigARCHRS  OF  MM  WAVF  PffiPACATIOli  IN  CHINA 

M.  G.  Zhaxi£ 

(China  R«B«arch  Inatitut*  of  Radiowav*  Propa^tion) 

abstract 

Researches  in  China  are  outlined  of  oun  wave  propagation,  including  the  nain 
research  units  and  the  aaic  measuraments  and  studies  of  rain  attenuation, 
rain  caused  depolarization  and  rainfall  characteristics. 

1.  INTRODUCTION 

Researches  of  ma  wave  propagation  began  in  ..hina  in  the  late  seventies.  The 
measureiaents  were  nade  previously  at  frequencies  between  10  aind  40  GHz,  and 
now  are  made  at  frequencies  up  to  about  100  GHz.  The  main  items  are  rain 
attenuation,  rain  caused  depolarization  and  rainfall  characteristics.  The 
effects  of  atmospheric  gases,  clouds,  sand  and  dust-stortss  and  scintillation 
are  aeasured  as  well. 

2.  RESEARCH  UNITS 

The  main  research  units  are  China  Research  institute  of  Hadiowave  Propaga¬ 
tion  (chirp),  Xidian  University  (XIDIAN)  and  wunan  University  (UUDA). 

CHIRP  has  a  research  center  special  for  mm  wave  propagation-  ^ngdao 
Research  Center.  The  Center  has  a  terrestrial  patn  svstem  operating  at  12, 

72  and  94  GHz,  an  Earth-apace  system  consisting  of  an  Earth  station 
for  Satellite  BS-2  and  a  33  <3iz  radiometer,  and  a  meteorological  system 
consisting  of  a  rain  radar,  a  rain  gauge  netwcrit  and  a  particle  measuring 
system.  Figure  1  is  the  illustration  of  it.  The  Center  organizes  some 
measurements  also  outside  Qingdao  for  other  items,  e.  g.  sand  and  dust- 
storms.  At  the  main  body  of  CRIRP,  multiple  frequency  measurements  of  rain 
attenuation  were  made  also  on  a  terrestrial  path  for  several  years,  and 
absorption  and  radiation  of  atmospheric  gases  and  cloud  attenuation  have 
been  measured  in  tP.e  last  yeaxs»  'TyP-tcal  jfteasuremcnts  and  statistical 
analyses  of  rain  intensity  have  been  made  for  the  whole  country. 

Department  of  Physics  of  XIDIAN  has  made  measurements  of  rain  attenuation 
and  rain  caused  depolarization  at  33  with  relevant  rainfall  meaaure- 


2 


aenta  on  a  tcrraatrial  path  in  Xaan,  and  now  inatallea  a  94  ayataa. 

More  theoretical  atudiea  were  oade  there. 

Department  of  Space  Phyaica  of  WUDA  ateaaured  rain  attenuation  on  a  alant 
path  uaing  a  35  CiUz  radiometer  in  Winian,  and  statistically  analyaea  rain 
intensity  data  for  the  whole  country. 

In  addition,  some  other  units  are  involved  in  measurements  of  atmospheric 
gases  effects. 

3.  MEAJ'JREMENTS  AND  STUDIES  OF  RAIN  ATTENUATION 

Rain  aitenuation  has  been  measured  on  terrestrial  paths  in  Xinxiang, 

Qingdao  and  Xian  and  on  slan^  paths  in  Beijing,  iQingdao,  Wuhan,  Taibei 
and  Hong  Kong,  Rain  intensity  oeing  measured  simultaneously. 

Ihe  examples  of  long-term  statistics  of  rain  attenuation  and  relevant  rain 
intensity  for  terrestrial  paths  are  given  in  TaOle  1  for  Xinxiang^'^  and  in 
Figure  2  for  Qingdao^^^. 

The  long-term  statistics  of  rain  attenuation  ana  relevant  rain  intensity  for 
slant  paths  are  given  in  Table  2. 

Relevant  studies  have  been  done  for  the  preaiction.  models  of  rain  \ttenu- 
ation  cy  CRIRP^-^^  XIDIAN^  and  WUDA^^^,  and  tne  existing  typical  models 
tested  against  the  Chinese  data.  As  seen  from  Figure  2,  the  model  in  CCIR 
Report  358-6  is  in  reasorsiDle  agreement  with  the  measured  results  in 
^ngdao.  Using  the  testing  variable  presented  in  CCIR  Report  AA/f,  with  the 
Chinese  data  for  slant  paths,  tne  mean  error  and  the  standard  deviation 
of  the  model  in  CCIR  Report  564-4  are  found  to  oe  7%  and  36%,  respectively, 
for  0.01%  of  time. 

4.  STUDIES  OF  RAIN  CAUSED  D£r-LARI4ATI0N 

Rain  caused  depolarization  has  oeen  studied  by  XIDIAN  and  CHIRP.  On  a  2.2 
Km  path  in  Xian,  measurements  have  been  made  at  35  (IHz  with  a  linear 
polarization  of  45*  t  relevant  meteorological  factors  being  measured  or 
collected  for  Xian.  Using  the  first  order  scattering  approximation,  the 
rain  intensity  data  of  ten  years  and  the  measurement  result  of  rain  drop 
canting  angles,  the  statistics  of  cross  polarization  discrimination  (XFD' 
caused  by  rain  for  Xian  has  been  estimated  as  shown  in  Figure  3^^^- 
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further  eatimatione  are  made  recently  for  94  tailing  into  account  the 

effecta  of  incoherent  and  multiple  acattering^^-*^. 

5.  MEASUREMENTS  AND  ANALYSES  OF  RAiWFALL 

In  addition  to  the  simultaneoua  measurements  of  rain  intensity  with  propa^ 
gation  experiments,  analyses  of  the  statistics  of  rain  intensity  have  been 
made  by  0BI9F  and  WUDA  based  on  the  data  from  the  conventional  meteorologi¬ 
cal  stations  all  over  the  county.  The  statistics  of  ram  intensity  for 
several  tens  of  points,  the  contours  of  rain  intensity  for  0.1%  and  0.01% 
of  time  and  twelve  rain  climatic  zones  in  Jhina  have  been  drawn. 

Figure  4  shows  the  contours  of  rain  intensity  for  0.01%  of  time  . 

Additional  meat  rements  have  also  been  maae  in  Xinxiang,  Nanjing  and  Guang¬ 
zhou  for  the  conversion  of  rain  intensity  data  with  different  integration 
time.  According  to  COIR  Report  563-4,  the  conversion  factor  of  the  statis¬ 
tics  from  10  minutes  to  1  minute  can  be  written  as 

j'.oCP)  *  (0.001%  i  r  i  C.03%; 

wnere  P  is  the  percentage  of  time  I'or  whicr.  the  rain  intensity  is  exceeded, 
a  and  b  are  found  as  listed  in  Table  3 

An  analysis  baaed  on  data  from  over  twenty  typical  points  shows  that  the 
relationship  between  the  worst  month  and  the  annual  statistics  of  rain 
intensity  in  China  is 

P  *  0.22Fi*^^ 

wnere  P  and  Pw  are  the  time  percentage  for  annual  and  worst  month  statis¬ 
tics,  respectively. 
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Table  1  Long-term  statistics  of  ratn  attenuation 
anrt  relevant  rain  intensity  in  Xizuciang 
path  length:  2.3Wm  pol.:  horizontal 


Preq. 

Period 

Rain 

attenuation  in  dB  ( 

rain 

intenaity 

in  mm/h) 

(GHz) 

exceeded  for  percentages  of 

time 

(9b) 

0.001 

0.002 

0.005  0.006 

0.01 

0.02 

0.03 

0.06 

0.1 

12.1 

80-84 

6.3 

5.8 

5.2  4.0 

3.5 

2.6 

2.4 

1.9 

0.9 

25.5 

64 

14.3 

12.7 

11.5.  8.8 

7.6 

5.7 

4.9 

3.0 

1.5 

33.5 

80-84 

30.0 

26.6 

24.8  20.5 

18.5 

11.0 

9.4 

6.8 

4.8 

(98) 

(82) 

(71)  (51) 

(42) 

(26) 

(21) 

(14) 

(9) 
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Table  2  Lon^-tena  atatistics  of  rain  attemiatioo  and 
relevant  ndn  intenaity  for  alaat  oatha 

1  station  Lat.  long,  hei^t  Sat.  frej.  ®ley,  jpol  years 

Beijing  40*N  116* E  0.05km  3IHI0  11.5GBz  20.5*  C  2 


time  ^ 

7E-3  lB-2  2E-2  4^-2  7ii-2 

lE-1 

2£-l  48--1 

A  (dB) 

24.0  22.8  19.9  14.6  9.0 

6,0 

5.2 

R  (mm/h) 

07.0  80.7  63.0  40.5  25.6 

15.0 

6.0  2.3 

station 

lat.  long,  hel^t  Sat.  freq. 

elev.  pol, 

.  years 

(iingdao 

36* N  120*S  0.10km  BS-2  12. 

.OGHz 

46,7*  C 

2 

time  % 

lE-2 

lB-1 

lEO 

A  (dB) 

13.0 

10.4 

3.8 

R  (mm/h) 

68 

13 

station 

lat.  long.  height  Sat, 

,  freq.  elev. 

pol. 

years 

Wuhan 

30.5*N  114. 4*E  O.OSkm  RAJ) 

35.3Giiz  50.0* 

V 

1 

time 

lE-2 

Ir-l 

5E-1 

1£C 

A  (dB) 

10.6 

5.4 

R  (mm/h) 

78 

21.0 

7.5 

2.9 

station 

lat.  long.  height  Sat, 

.  freq.  elev. 

pol. 

years 

Taibei 

25.1*  N  121. 6“ E  O.OOltm  RAu 

11.6Ghz  20.0* 

H 

1 

time  % 

l£-2 

lL-1 

2E-1  4E-1 

7E-I 

1£C 

A  (dB) 

8.5 

5.7  -3.8 

2.7 

2.2 

R  (mm/h) 

80.0 

43.0 

34.6  26.1 

19.5 

15.0 

5  station  lat.  long,  height  Sat.  freq.  elev.  pol.  yeaurs 

Hong  Kong  22.2*N  114. 2*E  0.00km  RAjD  11.6Uhs  20. 0"  H  1 

time  %  lE-2  2E-2  4E-2  7E-2  lE-1  2E-1  4E-1  7E-1  1£0 

A  (dB)  12-0  8,1  5.5  4.0  3.3  2.C  1.2  0.5  0.6 

R  (mm/h'  83.0  64.9  47.9  37.4  31.6  15.^  7.7  4.3  3-0 


Table  3  Conversion  parameters 
a  b 

Xinxiang  1.0357  -3.54E-2 
Nanjing  1.1006  -3.52E-2 
Guangzhou  1.0496  -5.S7E-2 
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Percanta^  of  time  {%) 
Figure  5  XPD  eetimated  for  Xian 


Figure  4  Contours  of  rain  intensity  for  O.OlJtb  of  tine 
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NOVEL  STRANGE  AND  ULTRASHORT-PULSE  MID-  AND  FAR-INFRARED 
LASERS  AND  THEIR  APPLICATIONS 
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The  realization  of  powerful  SOns-  pulse  TEA  [IJ  and  hybrid  [2]  10  pm  CO2  lasers  [2j  and 
far-infrared  gas  lasers  pumped  by  CO2  lasers  (4.  5]  in  the  early  sevcnrics  gave  a  drastic 
impetus  to  the  further  development  of  mid-and  far-infrared  lasers.  In  the  meanwhile  these  lasers  have 
found  wide  applications  in  basic  and  applied  research.  Thus,  these  lasers  helped  to  study  and  to 
understand  new  basic  laser  priniciples  as  well  as  to  develop  ultrashort-puise  mid-  and  far- 
infrared  laser  systems  with  pulse  durations  in  the  pico-  and  femtosecond  range.  The  following 
reviews  the  recent  development  in  these  fields  of  research  as  well  as  ^plications. 

The  broadband  optical  feedback  by  standard  laser  mirrors  docs  not  provide  longitudinal  mode- 
selectivity  [e.g.5].  Longitudinal  mode  selection  is  achieved  e.g.  by  axially  periodic  laser  structures 
called  distributed  -feedback  (DFB)  lasers  [6,  7].  In  these  lasers  which  were  introduced  in 
1971  [7,  8],  a  frequency-dependent  feedback  distributed  over  the  laser  axis  and  originating  in  the 
Bragg  effect  replaces  the  feedback  by  resonator  mirrors.  Today,  DFB  is  widely  used  in  dye  [7,  8) 
and  semiconductor  [9]  lasers.  After  many  attempts  DFB  was  also  realized  in  gas  lasers  [10, 11],  i.e. 
in  optically  pumped  far-infrared  gas  lasers  with  periodically  corrugated  waveguides.  These  lasers 
permit  to  test  DFB  theories  [12,  13]  and  remarkable  DFB  phenomena,  e.g.  oonlineai  phenomena  and 
in-gap  modes  in  DFB  lasers  with  interrupted  periodic  refractive  index  modulations  [6,14]  which  arc 
now  of  interest  in  semiconductor  lasers  [15]. 

A  strange  modification  of  DFB  lasers  are  the  helical-feedback  (HFB)  lasers  [6,  16-19]  which 
exhibit  an  axially  helical  structure  instead  of  the  axially  periodic  structure  of  DFB  lasers.  As 
demonstrated  by  group  theory  [16-18]  the  feedback  in  HFB  lasers  represents  a  quasi-Bragg  effect. 
The  first  proper  HFB  lasers  in  operation  were  optically  pumped  gas  lasers  with  helical  oversized 
metallic  waveguides  ]16-19].  Another  kind  of  DFB  laser  consists  of  mixture  of  a  laser  dye  with  a 
cholesteric  liquid  crystal  [6, 13, 20]  which  in  the  laser-wavelength  scale  exhibits  the  symmetry  of  the 
continous  symmetric  double  helix  [17, 18].  HFB  represents  a  rather  sc^histicated  optical  feedback  in 
lasers. 

•  9 . 


A  successful  scheme  to  generate  single  intense  picosecond  10  pm  pulses  represent  the 
"Optical-Frec-Induction-Decay"  or  OFID-10  pm  CO2  laser  systems  first  realized  in  1974  [21, 
22],  These  systems  consist  usually  of  a  hybrid  or  TEA  CO2  laser,  a  laser-triggered  plasma  shutter, 
and  a  cell  of  hot  CO2  gas  acting  as  OF®  spectral  filter.  The  plasma  shutter  first  truncates  the  50  to 
100  ns  pulse.  The  subsequent  hot  CO2  cell  transforms  the  truncated  pulse  into  a  ps  pulse  by  OFID. 
Hitherto,  the  OFED  systems  suffered  from  the  unreliable  performance  of  the  plasma  shutter  which 
drastically  reduced  their  range  of  application.  In  the  meanwhile,  new  designs  of  plasma  shutters 
improved  performance  and  reliability  considerably  [23-25].  As  a  result  the  new  OFID  laser  systems 
generate  reproducible  single,  intense  laser  pulses  of  30  to  300  ps  as  well  as  50  to  100  ns  pulses 
truncated  without  jitter  within  10  ps.  Just  recently  [26],  a  new  type  of  10  pm  OFID-CO2  laser 
system  was  discovered  which  uses  far-infrared  laser  gases,  c.g.  CH3F,  as  OFID  spectral  filter 
instead  of  hot  CO2  gas.  This  very  promising  new  laser  scheme  is  now  under  investigation. 

Verification  and  evaluation  of  single  10  pm  pulses  shorter  than  0.5  ns  requires  an  autocorrelation 
measurement,  e.g.  with  a  Michelson  interferometer  followed  by  a  nonlinear  material  for  2nd- 
harmonic  generation.  Hitherto,  single  crystals  of  GaAs  or  Te  served  as  nonlinear  material.  Recently, 
it  was  demonstrated  that  polycristalline  GaAs.  ZnSe.  CdTe  work  as  well  in  pulse-autocorrelation 
measurements  with  less  optical  adjustment  [27, 28]. 

The  single  30  ps  to  300  ps  10  pm  OFID-C02-laser  pulses  arc  predistinated  for  testing  so-called 
fast  mid-infrared  detectors.  Consequently,  a  comparative  test  with  these  pulses  on  pyroelectric 
detectors,  non-resonant  p-Ge  Detectors  and  resonant  photon-drag  detectors  made  from  Al*  Gai-^ 
As/GaAs  multi-quantum-well  systems  was  performed  to  examine  the  present  deteaor  theories  [29). 

The  reproducible  single  30  ps  to  300  ps  10  pm  OFID  pulses  as  well  as  as  the  10  ps-truncated  50  ns  to 
100  ns  pulses  of  10  pm  wavelength  open  new  aspects  on  optical  pumping  of  far-infrared  - 
laser  gases.  Besides  the  generation  of  ultrashon  subnano.second  far-infrared  superradiant 
emissions  [30]  they  also  permit  the  observation  of  two-photon  noise-initiated  fluctuations  of  Dicke's 
far-infrared  superradiance  [31  ]  and  other  exciting  phenomena. 

Finally,  the  single  ultrashort  far-infrared  pulses  are  presently  applied  to  high-Tc 
superconductors  to  gain  further  information  on  their  exciting  and  complicated  features  and  to  test 
their  potential  as  far-infrared  detectors. 
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ABSTRACT 

This  paper  gives  a  method  to  use  the  optical  fiber  network  to  control  the 
phase  and  frequency  of  FET  oscillator  independently . In  the  phased  array 
antenna, there  are  thousands  of  MIMIC  transmit/receive(T/R)  modules. This  technique 
can  be  used  to  synchronize  the  frequencies  for  all  the  modules  and  to  adjust 
their  signal  phase  individually  to  make  the  beam  forming  and  steering  easy. 

I  Introduction 

The  new  generation  of  phase  array  antennas  are  very  important  to  the  airbone 
and  space'-based  communication  and  radar  systems. This  new  generation  of  antenna 
systems  operating  at  mm-wave  frequencies  (20  GHz  and  above)  will  be  composed 
of  independent  and  spatially  distributed  MIMIC  T/R  modulesf 1 ] .One  of  the  fomida- 
ble  challenges  in  the  phased  array  antennas  is  the  frequency  synchronization  of 
the  individual  T/R  modules  using  the  optical  fiber  networks . Recent  years, an 
increasing  interesting  has  been  paid  to  the  light  effects  to  control  the  various 
functions  of  the  FET's, which  includes  frequency, phase  and  amplifier  gain  con¬ 
trols  (  3-9  ]  .Optical  control  not  only  pcoides  the  light  coupling  medium, but  also 
allows  the  control  signal  to  be  d’stributed  using  optical  fiber  network. This 
offers  advantages, especially  where  electrical  isolation  and  immunity  from  elec¬ 
tromagnetic  interference  are  important  requirements. There  are  three  methods  for 
the  optical  frequency  and  phase  control  of  FET  oscillators,  i.e.  the  direct 
injection  locking, indirect  injection  locking  and  phase  locking. 

In  the  direct  optical  injection  locking, the  reference  signal  is  distributed 
through  the  optical  fiber  network,  the  modulated  optical  signal  which  carries 
the  RF  reference  is  used  to  shine  on  the  active  area  of  FET. Because  the  nonlin¬ 
earity  limitation  of  the  optical  fiber  network, the  transmitted  RF  signal  is  weak 
and  not  enough  to  make  FET  oscillation  stable, therefore  the  indirect  injection 
locking  can  be  used.  In  the  indirect  injection  locking, the  transmitted  optical 
signal  will  return  to  RF  signal  first, then  is  amplified  to  some  higher  signal 
level  and  used  to  electrically  injection  locking  the  FET  o8cillatora(8)  or  use  an 
injection  locked  oscillator  to  serve  as  an  interface  between  the  optical  feed  and 
the  T/R  module (11). 

Optical  injection  locking  of  oscillator  in  principle  is  almost  identical  to 
electrical  injection  locking. From  small  signal  electrical  theory, the  locking 
range  4  f^tcan  be  related  to  the  injected  power  ,  the  oscillator  output  power 

oscillator  external  fl2,13] 


hers  the  optically  shifted  unlocked  operating  frequency  of  the  oscillator , f  4^^, 
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corresponds  to  the  natural  frequency  of  the  illtunlnmated  oscillator.  is  the 

equivalent  electrical  power  generated  by  the  absorbed  optical  signal. 

There  is  a  phase  angle  between  the  oscillator  signal  and  the  injected  sig¬ 
nal. Under  the  locked  codition,d0/dt»O  and 

e  *  arcain(2Af/Af„)  .  (2) 

where  a  f “fa/r -f is  the  optically  controlled  difference  frequency  between  the 
operating  frequency  t  opr  and  the  injected  frequency  tmi  .This  phase  difference 
can  vary' widly  between  oscillators  due  to  manufacturing  rolerances.Xn  the  phased 
array  antenna  applications, it  is  necessary  to  lock  the  phases  of  a  large  number 
of  oscillators  to  a  single  reference. Therefor, the  phase  locJcing  technique  must  be 
used  to  make  the  phase  synchronization. The  beam  forming  for  the  phased  array 
antenna  requires  adjustment  of  both  amplitude  taper  and  phase  taper [14]. 

The  optical  phase  locking  method  and  teat  result  will  be  described  in 
following  section.  The  phase  adjustment  method  is  also  given  to  meet  the  beam 
forming  and  steering  requirement. 

II  Optical  control  of  frequency  and  phase 

for  MW/MMW  FET  Oscillator 

Fig.l  shows  the  linear  phase  locking  loop  and  phase  adjustment  diagram. The 
reference  signal  ia  transmitted  by  the  fiber  optical  link  system  to  the  phase 
detector  and  compared  the  phase  with  that  of  FET  oscillator  signal.  The  pnase 
error  signal  will  pass  through  the  filter  and  feed  back  to  the  FET 
oscillator . When  the  frequency  and  phase  of  the  FET  output  signal  is  exactly 
equal  to  the  frequency  and  phase  of  referece  signal,  the  FET  oscillation  ia 
locked  to  the  reference  aigngl.If  the  phase  of  referece  signal  is  changed,  the 
phase  of  the  FET  oscillation  muse  follow  this  change. This  is  the  w£ /  to  control 
the  phase  of  the  FET  oscillation . In  this  test,  a  stretch  line  is  used  to  as  the 
phase  shifter  and  inserted  between  the  reference  signal  generator  and  electro¬ 
optic  modulator  (EOM) .  This  arrangement  means  the  phase  control  component  can  be 
put  on  the  control  board  and  seperated  with  the  antenna  array  board.  A  phase 
detector  is  used  to  checkthe  phase  change  of  the  FET  oscillation  when  the  length 
of  the  stretch  line  is  changed.  Fig.  2  shows  the  optical  phase  locked  FET 
oscillation  output  signal  spectrum . When  the  length  of  the  stretch  line  is 
changed, the  FET  oscillation  frequency  ia  not  changed. So  the  phase  and  frequency 
of  FET  oscillation  can  be  controlled  indapently.Fig.3  shows  the  measured  result 
for  the  FET  oscillation  phase  change  when  the  length  of  the  stretch  line  is 
changed.  The  stretch  line  can  be  changed  to  move  the  straight  line  on  the  oscil¬ 
loscope  to  its  highest  position,  it  is  the  start  position  for  the  master  signal 
phase  change. Then  the  stretch  line  can  be  continuously  lengthened  or 
shortened, the  straight  line  on  the  oscilloscope  will  move  down  until  to  its 
lowest  position  if  the  length  change  of  the  stretch  line  is  half  of  wavelength. 
The  upper  straight  line  on  the  oscilloscope  is  for  0°  phase  shift  of  the 
reference  locking  signai.  The  lower  line  is  for  180°  phase  shift. 

III  Discussion  and  Conclusions 

The  beam  forming  and  steering  technique  is  the  key  point  for  the  phased  array 
antenna  application.  The  optical  beam  forming  generally  can  fall  into  one  of 
the  two  areas: fiber  optic  beam  forming  networks  (BFNs)  and  optical  processed 
BFNs[lS).In  tie  fiber  optic  beam  forming  networks, the  variable  phase  shifters  and 
variable  power  amplifiers  must  be  inserted  to  create  an  array  aperture  with  the 
approperiats  phase  and  amplitude  distribbtion.A  programmable  optical  fiber  delay 
line  or  other  phase  shifters  can  be  used  in  the  fiber  optic  beam  forming  net¬ 
works.  Most  phased  array  antenna  architectures  studied  so  far  put  the  phase  shift¬ 
er  on  the  antenna  board, therefore  the  light  weight  and  easy  operation  are  re¬ 
quired  for  the  phase  shifter. The  optical  phase  locking  of  FET  oscillator  tech¬ 
nique  described  in  this  paper  not  only  makes  the  frequency  and  phase  synchroniza¬ 
tion  for  all  the  T/R  titodulea,but  also  can  separata  the  phase  shifter  from  the  T/R 
module. The  phased  array  antenna  board  can  be  simplified. 
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Fig.l  Linear  phase  locking  loop  and  phase  adjustment  diagram. 


Fig.  2  Phase  locked  FET  oscillator  output 
signal  displayed  on  spec  rum 
analyzer  while  its  phase  was 
changing. 


Fig. 3  Phase  control  test  for  FET  oscillator. 
Upper  line  is  for  0®  phase  shift, 
lower  line  is  for  180“  phase  shift. 
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A  NEW  MILESTONE  OF  ACTIVE  DEVICE— VACUUM 
MICE  )ELECTRONICS  AND  ITS  PRELIMINARY 
research  in  P.  R.  CHINA 


Han  C.  Hu 

(Beijing  Vacuum  Electronica  Research  institate) 

Guang  Yi  Liu 

(SleclrKmics  Research  /nslitule  .Chinese  Academy  of  Saeneea) 


HISTORY  OF  DEVELOPMENT  OF  ACTIVE  DEVICES 
FACTORS  PAVING  THE  WAY  &.  FACTORS  LIMITING 
THE  DEVELOPMENT 


1.  Vacuum  Triode 

In  1906  Lee  DeForest  invented  the  electrostatically  controled  vacuum  triode.  The  factor  [>aving  the  way  was 
the  Edison  Effect  in  1883  which  discovered  the  source  of  electrons.  The  principle  of  electrostatic  control  has 
been  employed  for  the  development  of  receiving  tubes ,  transmitting  tubes  and  gas- filled  tubes  operating  in 
the  long  wave. medium  wave  and  short  wave  wavebands.  The  limiting  factors  were  the  transit  time  taking 
by  the  electron  to  traverse  the  cathode  to  anode  space. lead  inductance  and  interelectrode  capacity.  These 
factors  become  serious  at  a  frequency  of  300MHZ().=  lm). 

3.  Microwave  Tubes 

In  1939  the  Varian  brothers  developed  the  klystron  and  in  1940  Rardall  &.  Boot  developed  the  multicavity 
magnetron.  The  factors  paving  the  way  were  research  in  1930s  on  studies  of  waveguide  transmission,  elec¬ 
tron  motion  in  crossed  electric  and  magnetic  fields  .velocity  modulation  and  electron  bunching  .incorporation 
of  the  resonant  cavity  into  the  tube.  The  new  principles  circumvented  the  limitation  imposed  by  transit 
time. lead  inductance  and  interelectrode  capacity,  thereby  providing  the  means  of  generation  and  amplifica¬ 
tion  in  decimeter  and  centimeter  wavebands.  Microwave  tubes  encountered  limitation  in  millimeter  wave¬ 
band  owing  to  the  small  size  of  the  structure  being  of  the  same  order  as  the  wavelength.  The  consequences 
of  small  size  were  difficulty  in  power  dissipation  and  difficulty  in  fabrication. 

3.  Semiconductor  Devices. 

1948  was  the  year  of  the  advent  of  semiconductor.  The  factors  paving  the  way  was  the  employment  of 
diode  crystal  detector  in  radar  during  second  world  war  (tad  its  study  in  depth  after  the  war  with  the  mea¬ 
surement  of  surface  potential  distribution.  The  current  control  effect  was  discovered  when  the  measuring 
probe  was  very  near  to  the  p-n  junction  lead  serving  as  the  emitter.  Semiconductor  promoted  the  miniatur¬ 
ization  of  electronic  equipment  .however,  it  was  limited  by  being  unable  to  withstand  high  temperature  and 
strong  radiation. 

4.  Laser  Devices 

i960  was  the  year  of  the  advent  of  ruby  solid  state  laser  and  'le — Ne  gas  laser.  The  factor  paving  the  way 
was  the  study  of  Maser  (Microwave  Amplification  By  Stimulated  Emission  of  Radiation)  in  the  1950s. 
Maser  employed  a  microwave  resonant  cavity  to  suppKirt  energy  level  transition  in  microwave  waveband. 
Similarly  laser  employed  an  optical  cavity  to  support  energy  level  transition  in  visible  light  waveband.  Laser 
was  limited  by  the  fixed  frequency  determined  by  energy  difference  in  a  transition. 
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5.  Integrated  Circuit 


1960s  were  the  years  of  advent  of  integrated  circuit  which  made  use  of  thin  film  technology  to  integrate 
semiconductor  and  L,C,R  into  a  circuit.  IC  developed  rapid! v  through  the  stages  SSI, MSI. LSI. VLSI,  VH- 
SIC  continually  advancing  in  the  scale  of  miniaturization. 

6.  Cyclotron  Resonance  Maser(CRM) 

1970s  were  the  years  of  advent  of  CRM  which  was  a  device  in  which  electrons  interacted  with  fast  wave 
using  the  relativistic  change  of  mass  with  velocity  to  achieve  phase  bunching.  This  principle  circumvented 
the  limitation  of  structural  size  being  of  the  same  order  as  wavelength ,  thereby  providing  high  power  in  mil¬ 
limeter  and  submillimeter  wavebands. 

7.  Free  Electron  Laser  CFEL) 

1970s  were  the  years  of  advent  of  FEL.  A  pumping  electromagnetic  wave  is  scattered  by  a  relativistic  elec¬ 
tron  beam  traveling  in  the  opposite  direction.  The  wavelength  of  the  scattered  wave  depends  on  the  wave¬ 
length  of  the  pumping  wave  and  energy  of  the  e-beam.  Thus  FEL  provides  high  power  in  submiUimeter 
waveband  and  its  frequency  is  tunable. 

8.  Vacuum  Microeie-.tronics(VME) 

In  1988  at  Williamsburg,  1st  Vacuum  Microelectronics  Conference  heralded  the  advent  of  VME.  The  fac¬ 
tors  paving  the  way  were  study  of  field  emission  in  the  research  of  vacuum  breakdown ,  microfabrication 
technology  in  developing  microelectronics  and  observation  of  micrometer  dimensions  with  electron  micro¬ 
scope'.  This  new  device  circumvents  the  previous  limitations  with  potentiality  of  miniaturization  to  nano¬ 
electronics  as  well  as  capable  of  withstanding  high  temperature  and  strong  radiation. 

THE  PRINCIPAL  FACTOR  IN  THE  .\1IN1ATUR1Z.ATI0N 
OF  ACTIVE  DEVICE— CURRENT  DENSITY  OF 
ELECTRON  SOURCE- 

The  size  of  active  device  is  related  to  the  current  density  of  its  electron  source.  This  can  be  seen  from  the 
following  t elation  Ps  =  Po/ti  where  Ps  is  the  supplied  power, Po  is  the  output  power  and  n  is  the  efficiency. 
Ps  =  VI  where  V  and  I  are  voltage  and  current  respectively.  I  =  JA  where  J  is  current  density  and  A  is  the 
area  of  electron  source, hence  the  greater  J  has,  the  smaller  A  is, it  means  the  device  could  be  made  small¬ 
er. 

The  renowned  researchers  in  the  field  of  vacuum  microelectronics,  Henry  F.  Gray  and  Charles  A.  Spindt 
remarked  in  the  foreword  of  Proc.  ist  International  Vacu-:  i  Microelcironics  Conference,  June  1988  “Since 
the  invention  of  the  transistor  some  40  years  ago .  researcr,  and  development  in  the  field  of  solid  state  elec¬ 
tronics  has  dwarfed  that  of  vacuum  electronics.  It  is  generally  accepted  that  the  transition  from  vacuum 
tubes  to  solid  state  transistors  was  due  primarily  to  the  fact  mat  one  could  obtain  a  far  greater  current  densi¬ 
ty  in  a  transistor  compared  to  that  available  from  a  vacuum  tube  s  tnermionic  cathode.  This  greater  current 
density  allowed  the  electronic  devices  based  on  solid  state  transistors  to  be  orders  of  magnitude  smaller  than 
their  vacuum  tube  counterparts.  However  semiconductor  is  not  a  panacea,  the  optical  and  acoustic  mode 
scattering  limits  the  sa 

turation  drift  velocity  to  about  3X  lO’em/s.  With  the  successful  demonstration  of  both  a  high  current  densi¬ 
ty  metal  field  emitter  array  (FEA)  and  a  silicon  planar  vacuum  transistor  based  on  FEA's.a  new  vacuum 
microelectronics  has  emerged”. 

In  order  to  get  a  clearer  understanding  of  the  relation  between  current  density  and  device  miniaturization, 
table  1.  will  list  the  current  density  capabilities  of  various  clectror.  sources  for  comparison. 

Table  1.  Current  density  .working  condition  and  device  size  of  various  electron  sources. 


Elactroo  Source 

Current  Density  J 

i^orkini  Cond. 

Device  site 

Oxide  Cathode 

200ma/6m*  cw 

noo'K 

.  1 0-*m-- 1  (h*m 

Be—W  Cathode 

3— SA/cih*  cw 

1300*K 

*  1 0**m-*- 1 0**m 

P(N  Current  Camser 

No  published  date 

300*K 

0,  lum— um* l(Hm 

FEA  Field  Emitter 

>l000A/cm*  in  array, >l(/^ A/cm* 

300‘K 

I0**m-*- 

Amy* 

sinfle  field  cmiticr.  MT0F> 
SO.OO'^hrs.Medium  J  dsla(SRI) 
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An  article  in  TKKP.  puUlcatlon  “Hie  institute*  June  1989*  issue  expressed  tile  viewpoint  Uuii  vacuum  micro¬ 
electronics  also  named  nanoeiectronics  will  play  a  major  role  in  tiie  last  decade  of  this  century  i.  e.  1990- — 
2000  on  the  emerging  electronic  technology  stage.  The  basis  of  this  prospect  is  that  in  the  miniaturization 
from  microelectronics  to  nanoeiectronics ,  the  10  *m  feature  is  reduced  to  lO^m  in  so  doing  J  will  be  in¬ 
creased  by  three  orders  of  magnitude. FEA  is  expected  to  have  such  capability  based  upon  its  demonstrated 
performance. 


THE  PRINCIPAL  PERFORMANCE  OF 
VACUUM  MICROELECTRONICS  DEVICE 

The  two  principal  disadvantages  of  vacuum  tube  i.  e.  thermionic  cathode  requiring  a  beater  and  fabrication 
involving  mechanical  machining  can  be  circumvented  by  employing  vacuum  microelectronics  technology. 

1.  Performance  of  Field  Emitter  Array. 

A.  No  need  of  heating, it  can  work  at  room  temperature. 

B.  The  current  density  of  FEA  is  higher  than  that  of  thermionic  cathode  by  several  orders  of  magnitude, 

thus  enabling  the  vacuum  tube  to  miniaturize 
from  mil — scale  (mil  is  1  X  10'*inch  or  2.  54 
X  10'‘m)  to  submicron  scale  10“' m.  Such 
small  size  can  be  fabricated  by  using  solid 
state  device  fabrication  technology  and  silicon 
integrated  circuit  technology,  i.  e.  using  the 
integral  microgrid  or  gate  to  implement  low 
voltage  modulation.  Fig.  1  shows  the  high 
current  density  integral  grid  field  emitter  ar¬ 
ray  experimented  by  Stanford  Research  Institute  for  application  in  high  definition  flat  panel  display. 

2.  Performance  of  Vacuum  Microelectronics  Device(VMD) 

A.  It  possesses  the  merits  of  vacuum  tube, high  temperature  resistant) 775*K'  and  radiation  resistant  >10'^ 
neutrons /cm* , for  comparison,  the  capability  of  solid  state  device  is  respectively  600'K  and  10”  neutrons/ 
cm*. 

I  .  In  this  device  the  electron  motion  is  entirely  ballistic ,  hence  its  drift  velocity  is  higher  than  that  in  solid 
state  device  3X  lO’cm/s  Limited  by  scattering.  The  velocity  of  electron  in  vacuum  approaches  the  velocity 
of  Light. hence  vacuum  microelectronics  can  achieve  higher  switching  speed  or  higher  operating  frequency. 

3.  The  Operation  of  Vacuum  Microtriode  Requires  Only  Low  Vacuum. 

in  order  to  avoid  the  occurence  of  ionization  when  the  electron  traverses  the  path  from  cathode  to  anode , 
the  mean  free  path  Xe  of  the  electron  in  the  residual  gas  must  be  much  greater  than  the  cathode  to  anode  dis¬ 
tance  d,  i.  e.  Xe}d.  For  air  the  mean  free  path*  is  given  by  a  simple  expression  X(mm)s«'6.  6/p  where  X  is  in 
millimeter  and  p  is  the  pressure  in  pascal  .  The  mean  free  path  of  electron  in  gas  Xe  =  4  .f2  Xgas  — = 
5.  6 6 Xgas.  In  vacuum  microtriode  d  can  be  as  small  as  1  um.Xeld  can  be  fulfilled  with  X^IOVm  or  X  = 
imm.  The  required  vacuum  is  therefore  p— .6,  6  pascal  or  6.  6/133—.  05  Torr. 


integral  grid  field  emitter  array 


4.  The  transit  time  in  Vacuum  Microtriode. 

In  GaAs.InP  and  Si  semiconductor  materials  the  peak  electron  drift  velocity  approaches  2X  lO’cm/s.the 


tim»  required  to  traverse  0.  Sum  channel  is  2.  5X  lO'^sec’.  The  transit  time  of  electron  in  ttie  uniftmn 
trie  field  of  vacuum  microtriode  is  t—  C2d*m/ve3‘'*,for  d—0.  5um,v-»20volts,  t«-3.  8X  10'“s«wbsa  t«» 
T/10  where  T  is  period  of  high  frequency  signal. transit  time  effect  is  not  serioustTwl0t>B3.  8X10'‘*s.f 
—  1/T— 2.  64X10"H2  or  2  64GHz. 

5.  Vacuum  Microelectronics  Technology  Can  Be  Employed  For  The  Fabrication  Of  SubmUlimeter  Devices 
USSR  and  USA  have  done  research  on  planar  BWO  CBackward  Wave  Oscillator).  U.  S.  Scientists  fabricat¬ 
ed  thin  film  interdigital  slow  wave  structure  on  single  crystal  quartz  and  diamond  substrate  with  a  pitch  of 
ISuw.this  BWO  can  operate  at  lOOOGHz  with  a  maximum  output  of  lOOuw.  The  microwave  tube  struc¬ 
ture  with  a  period  of  ISum  is  a  minute  dimension  which  can  not  be  fabricated  by  mechanical  machining 
technique. 

OVERVIEW  OF  VACUUM  MICROELECTRONICS 

PRELIMINARY  RESEARCH  PROJECTS  IN  P.  R.  CHINA. 


For  more  than  thirty  years  Chinese  scientists  have  been  continually  paying  attention  to  the  advances  of  vac¬ 
uum  microelectronics.  As  early  as  1976. Electronics  Research  Institute,  the  Chinese  Academy  of  Sciences 
(ERl-CAS)  fabricated  miniature  planar  thermionic  cathode  triode  with  dimensions  of  the  order  of  mllUma- 
ter  and  submillimeter.  In  1978  the  group  of  cathode  specialists  led  by  Prof.  P.  Blan  led  the  way  with  re¬ 
search  and  development  on  TFFEC  (Thin  Film  Field  Emission  Cathode)'.  The  experimentation  on  the 
scheme  and  flow  chart  of  TFFEC  processing"  obtained  support  from  many  Industrial  institutions  such  as 
Nanjing  Semiconductor  Research  Institute, Beijing  Electron  Tube  plant  and  14th  Radio  Plant  of  Shanghai. 
The  group  solved  successively  the  processing  of  hole  punching,  tip  growing  and  packaging.  Through  using 
the  measures  of  wide  channel  dielectric  surface  isolation’, intervad  scribing"  and  beam  type  lead-out  etc,  the 
group  Solved  the  difficult  problems  of  capability  to  withstand  the  voltage  across  the  spacing"  of  the  order  of 
micrometer  and  three  dimensional  packaging.  These  efforts  had  the  aim  to  lay  the  foundation  to  implement 
TFFEC  research  with  the  relatively  poor  integrated  circuit  processing  facilities  in  P.  R.  China.  In  1986  the 
project  obtained  the  suppor,  of  .National  Natural  Sciences  Foundation  of  China  (NNSFC)  which  promoted 
the  union  of  research  resources  in  P.  R.  China.  The  union  of  research  resounces  in  the  initial  stage  was  a  re¬ 
search  group  formed  by  researchers  from  ERI-CAS.  Xi  Dian  Univercity  (XDU)  and  Li  —  shan  Microelec¬ 
tronics  Institute  (LSMI).  LSMI  with  its  relatively  strong  integrated  circuit  processing  facility  served  as  the 
processing  base  for  the  group,  they  were  concentrated  to  fabricate  the  sandwich  type  molybdenum  cone 
field  emission  cathodeCsee  Fig.  2)"  .when  the  joint  testing  group  formed  by  ERI-CAS, XDU  and  Scientific 
Instrument  Plant, the  Chinese  Academy  of  Sciences  (SIP-CAS)  tested  the  cathode,  100  micro  amperes  of  •- 
mission  was  obtainedC  under  a  vacuum  of  2X  10''pa). 

The  research  on  TFFEC  in  P.  R.  China  was  not  limited 
in  following  the  processing  developed  by  SRI,  during 
the  period  1986~1987  with  the  support  of  NSFC.  LS¬ 
MI  and  ERI  — CAS  have  done  experiment  in  the  entire 
processing  with  the  facilities  in  their  laboratorie.s.  These 
researches  have  displayed  some  creativity".  Besides  fab¬ 
rication  processing,  some  subprojects  related  to  TFFEC 
had  successively  achieved  progress  with  disfingushing 
features.  For  instance,  during  this  period,  the  following 
progresses  were  achieved  (development  of  a  special  pur¬ 
pose  imitating  SRI  design  all  solid  state  digital  pulse  generator  f  tree  of  metal  gasket  and  oU,  fast  loading 
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Fig.  2  A  SEM  micrograph  of  TFFEC 


fabricated  by  LSMI  (Nov.  1987) 


and  unloading  ultra  higb  vacuum  system »  potential  distribution  and  electric  field  simulator  for  the  apace  of 
the  order  of  micrometer «  measurement  of  distributed  parameter  and  graphic  design  of  TFFECi  three  dimen¬ 
sional  paclcaging  of  TFFEC  etc.  These  achievements  were  partially  refiected  in  the  proceedings  of  1st ,  2nd 
and  3rd  Chinese  Field  Emission  Symposium.  In  1990  XDU  began  the  research  on  the  application  of  TF¬ 
FEC.  they  initiated  the  research  on  the  flat  panel  display  device  using  TFFEC. 

In  late  19808.  the  preliminary  TFFEC  research  in  P.  R.  China  obtained  the  recogniUon  of  International 
Field  Emission  Symposium  (IFES)  and  International  Vacuum  Microelectronics  Conference  (IVMC).  The 
paper  submitted  by  researchers  of  P.  R.  China  was  accepted  as  early  as  1988  on  1st  IVMC  and  was  given 
special  invitation*.  In  1989  for  the  first  time  P.  R.  China  sent  a  delegate  to  attend  the  2nd  IVMC.  In  this 
conference  the  formuld'*  for  the  calculation  of  tip  electric  field  derived  by  Prof.  EnZe  Luo  of  XDU  t^itained 
favorable  appraisal  by  conference  experts.  Prof.  Luo  was  elected  to  be  the  staitding  member'*  of  the  program 
committee  by  the  conference.  From  that  time .  the  research  on  TFFEC  and  Vacuum  Microelectronics  began 
the  movement  toward  hi^  tide.  In  1990.  3rd  Chinese  Field  Emission  Sympositun  marked  the  beginning  of 
gaining  momentum.  In  thi«»  symposium .  both  the  topics  involved  In  the  fields  of  the  subject  and  representa¬ 
tive  figure  of  the  attendance  at  this  conference  bore  a  resemblance  to  the  conference  held  abroad.  Presently . 
the  vacuum  nticroelectronics  technology  in  P.  R.  China  is  moving  with  great  strides  toward  the  prosperous 
future. 
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Study  of  the  Dynamical  Properties  of  EL2  centers  in  GaAs 
by  Infrared  and  Millimeter  Wave  Measurements 
Tyuzi  Ohyama 

Depanmem  of  Physics.  College  of  General  Education.  Osaka  University.  Toyonaka.  Osaka  560.  Japan 


In  this  work  we  report  on  the  far-infrared  laser  cyclotron  resonance  absorption  by  conduction  electrons 
as  well  as  Zeeman  absorption  by  shallow  donors  in  semi-insulating  GaAs.  Combining  with  results 
obtained  from  the  miciowave  photoconductivity  measurements  over  the  temperature  range  of 4.2  -  250  K, 
various  new  features  for  EL2  centers  in  semi-insuladng  GaAs  are  clarified  under  photoexcitadon  conditions. 

I.  Introduction 

The  El.?,  center  is  the  dominant  mid-gap  state  in  LEC-grown  GaAs  crystals,  which  is  known  as  a  deep 
donor.'^  This  deep  level  makes  it  possible  to  obtain  semi-insulating  undoped  crystals,  on  which  high 
quality  GaAs  single  crystals  are  epitaxially  grown.  The  origin  and  nature  of  the  EL2  center  has  been 
subject  of  controversy  since  its  first  observation.  Besides  its  importance  for  semiconduaor  technology. 
EL2  itself  is  a  basically  interesting  object  for  basic  research.  The  main  probe  for  investigating  the 
characteristics  of  that  deep  center  has  so  far  been  restricted  to  photoluminescence’',  photocapacitance 
measurements”  and  Deep  Level  Transient  Spectroscopy  (DLTS)”.  Both  FIR-magneto-absorption”  and 
microwave  photoconductivity  measurements  enable  us  to  get  an  experimental  novel  insight  into  the  dynamical 
behaviour  and  the  electronic  properties  of  the  EL2  center. 

II.  Samples  and  Experimental  Procedures 

Experiments  are  performed  on  two  LEC-grown  semi-insulating  GaAs  crystals,  one  of  which  is  an 
as-grown  sample  (GaAs-LEC-2)  and  the  other  was  annealed  in  a  nitrogen  atmosphere  at  800  "C  for  thirty 
minutes  (GaAs-LEC-I).  As  the  far-infrared  source,  wavelength  of  1 19  and  220  pm  were  obtained  from 
an  H.0  laser,  and  84  and  172pm  from  a  D^O  laser,  all  of  which  are  operated  in  the  pulsed  mode  at  the 
repetition  of  30  Hz  in  synchronized  combination  with  the  photoexcitation  light  pulses  at  15  Hz.  The 
excitation  light  is  provided  by  a  xenon  flash  lamp  with  a  pulse  width  of  1  ps.  The  absorption  spectra  are 
obtained  as  In  (lo/Ig)  by  a  two-channel  boxcar  averager  with  an  apenure  of  0.5  ps.  Here  Ig  and  Iq  are  the 
transmitted  beam  intersities  of  the  pulsed  FIR  laser  with  and  without  the  photoexcitation. 

The  microwave  set-up,  on  the  other  hand,  was  a  nonresonant  reflection-type  wave  guide  system 
working  at  35  GHz.  In  order  to  obtain  the  decay  profile  of  the  microwave  photoconductivity,  we 
employed  a  wave-memory  system.  It  should  be  noted  that,  when  recording  the  decay  profile  after  the 
photo-pulse  excitation  at  a  fixed  temperature,  the  sampling  time  was  much  too  short  to  produce  any 
noticeable  photo-quenching  effect,  which  is  a  characteristic  rutun:  of  the  EL2  center.  On  this  account,  the 
wave-memory  system  was  very  useful. 

In  order  to  make  selective  excitation,  we  employed  two  kinds  of  filters:  one  to  cut  off  wavelength 
shorter  than  0.9  pm  (1.38  eV),  hereafter  called  IR  filter  and  the  BBC  (Below  Band  Gap)  excitation,  and 
the  other  to  cut  off  wavelengths  longer  than  0.75  pm  (1.65  cV),  IRC  filter  and  the  ABG  (Above  Band 
Gap)  excitation.  By  making  use  of  the  IR  filter,  we  could  suppress  the  band-gap  excitation,  so  that 


•  22  • 


TIME  (ms)  MAGNETIC  FIELD  (  T  ) 

[Hg.  1]  Temperature  dependence  of  decay  profiles  2]  Time-resolved  cyclotron  resonance  ((HI) 

of  microwave  photoconductivity  with  IR  filter.  impurity  Zeeman  absorption  signals  with  IRC 

filter  at  the  wavelength  of  1 19  jiim.  Each  trace  is 
taken  after  exposure  of  the  sample  to  the  BBC 
light 

electrons  could  be  excited  only  from  the  mid-gap  states.  With  the  aid  of  the  IRC  filter,  on  the  other  hand, 
electrons  could  be  excited  mainly  from  the  valence  band.  We  are  thus  able  to  make  experiments  under  the 
condition  of  selective  excitation. 
ni.  Experimental  Results 
a)  Microwave  Photoconductivity 

The  time-resolved  microwave  photoconductivity  measurement  is  a  powerful  aid  to  understand  the 
capture  mechanism  of  phoioexcited  carriers  as  well  as  electronic  properties  of  the  EL2  center.  The  method 
is  particularly  successful  for  high  resistive  semi-insulating  GaAs,  since  no  electrode  contact  problem 
arises. 

figure  1  shows  decay  profiles  of  the  microwave  photoconductivity  obtained  at  various  temperatures 
and  with  IR  filter.  All  the  quantities  decay  very  nearly  exponentially.  It  is  clearly  demonstrated  that  die 
electron  lifetime  strongly  depends  on  temperature  above  50  K  under  the  BBG  excitation  condition.  The 
lifetime  becomes  shorter  as  the  temperature  is  raised  above  50  K.  The  photoconductivity  signal  obtained 
with  the  IR  filter  decreases  rs^)idly  in  intensity  as  the  time  proceeds.  The  diminished  signal  never  recovers 
its  original  strength  below  140  K.  This  feature  must  be  connected  with  the  "photo-quenching  effect", 
which  is  a  characteristic  behaviour  of  EL2  centers  in  LEC-grown  semi-insulating  GaAs. 


If  we  use  the  IRC  filter  in  place  of  the  IR  filter,  it  is  found  that  the  lifetime  is  10  ps  in  the  order  of 
magnitude  and  almost  temperature  independent.  Though  the  photoconductivity  signal  decays  after  each 
photo-pulse,  we  can  obtain  the  same  signal  intensity  for  any  length  of  time, 
b)  Far-infrared  Magnetoabsorption 

A  fully  compensated  sample  as  semi-insulating  GaAs  contains  very  few  neutral  shallow  impurities  and 
a  great  deal  of  ionized  impurities  at  low  temperature  equilibrium.  It  is  practically  impossible  to  get  proper 
information  of  semi-insulating  GaAs  which  contains  very  few  neutral  shallow  impurities  and  conduction 
electrons  without  photoexcitation,  because  only  shallow  neutral  donors  and  conduction  elecuons  can 
absorb  photons  in  the  FIR  region. 

Suppose  that  the  semi-insulating  GaAs  is  illuminated  by  ABG  or  BBG  light.  Most  of  electrons  excited 
from  the  valence  band  or  from  the  mid-gap  states  are  instantly  captured  by  shallow  impurities  which  are 
neutralized  as  a  consequence.  In  this  way  we  can  investigate  even  the  character  of  semi -insulating  GaAs 
through  the  FIR  magneto-optical  absorption  of  photo-neutralized  impurities  and  short-lived  conduction 
electrons. 

A  series  of  time  dependent  traces  under  photoexcitadon  with  the  IRC  filter  is  shown  in  Fig.2.  The 
signal  showing  up  at  3.8  T  arises  from  the  Is  —  2p,|  Zeeman  transition  of  typical  shallow  donor 
electrons.  The  cyclotron  resonance  of  conduction  electrons,  on  the  other  hand,  is  observed  at  6.2  T.  In 
this  case,  electrons  involved  in  both  resonances  are  mainly  excited  from  the  valence  band  and  not  from  the 
mid-gap  states.  Signals  are  obtained  with  the  wavelength  of  1 19  pm  and  at  various  steps  during  the 
photo-quenching  by  the  BBG  excitation.  It  is  demonstrated  that  the  donor  Zeeman  absorption  signal 
gradually  dies  away,  as  the  photo-quenching  proceeds.  The  cyclotron  resonance  absorption  of  conduction 
electrons,  on  the  other  hand,  scarcely  undergoes  a  change.  This  fact  suggests  that  the  photo-quen.hing 
effect  of  EL2  centers  is  closely  related  with  shallow  impurities.  Similar  results  are  obtained  for  experiments 
with  different  wavelength. 

IV.  Discussions 

For  understanding  all  the  obser.  aiions,  we  propose  a  model  of  the  meiastable  state  for  the  EL2  center 
after  photo-quenching.  The  ground  state  of  the  EL2  center  wii!  be  composed  uf  an  Asc,  antisite  and  a 
shallow  impurity  that  is  in  the  vicinity  and  coupled  very  weakly.  Provided  that  the  stable  configuration  of 
the  EL2  center  is  strongly  charge-state-dependent,  continuous  release  and  capture  of  an  electron  by  the 
center  through  the  BBG  excitation  will  raise  a  migration  or  a  transition  to  a  meiastable  atomic  configuration. 
As  a  result  a  complex  center  consisting  of  an  As^^  antisiic  strongly  coupled  u  iih  a  shallow  impurity  is  built 
up,  and  the  EL2  center  is  translated  to  its  metastable  state.  T»)  Iv  mure  precise,  both  the  shallow  impurity 
which  serves  the  Zeeman  absorption  and  Asc,  antisiic  arc  raived  t4>  tlK-ir  meiastable  state.  If  the  EL2  center 
turns  into  its  metastable  state  by  the  BBG  light  excitation  vsitfuiut  forming  a  complex  center,  the  ionized 
shallow  donor  is  still  neutralized  by  an  electron  excited  from  the  salcnce  band  by  the  ABG  light  excitation 
and  should  be  able  to  contribute  to  the  Zeeman  absorpiittn.  Our  expenmental  result,  however  contradicts 
this  assumption. 

The  time  variation  of  the  photoexcited  conduction  clccinin  density  derived  from  the  microwave 
photoconductivity  measurements  is  given  by  the  simple  relation: 
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[Rg.  3]  Temperature  dependence  of  the  electron 
capture  cross-section  a  by  the  EL2  center.  Open 
circles  represent  the  results  obtained  from  the 
microwave  photoconductivity.  The  dotted  straight 
line  yields  the  value  of  the  activation  energy  E^=70 
meV. 


n,(i)  =  noc"^ 

where  n^  is  the  density  of  initially  created  electrons  and  x  the  lifetime  of  electrons  given  by  l/t=N*<va>. 
Here  N*  is  the  density  of  the  ionized  EL2  center,  <v>  the  mean  square  thermal  velocity  of  electrons  and  o 
the  electron  capture  cross-section.  Rgure  3  shows  the  dependence  of  the  electron  capture  cross-section  a 
on  the  reciprocal  temperature.  At  higher  temperature  (T>80  K).  we  can  deduce  for  the  electron  capture 
cross-section: 

o=a»exp  (-Ea/IcbT) 

where  is  a  characteristic  activation  energy,  kg  the  Boltzmann  constant  and  0.  the  capture  cross-section 
for  T=!  The  dotted  line  in  Fig.3  yields  E^=70  meV.  E;^  may  originate  from  a  barrier  in  the  conduction 
band  related  to  the  Franck-Condon  shift  of  the  EL2  center. 

In  summary,  various  new  features  of  electronic  and  defect  properties  for  the  EL2  center  in  semi-insulating 
CaAs  have  been  observed  by  infrared  laser  magnetooptical  absorption  as  well  as  microwave  photoconductivity 
measurements. 

This  work  has  been  partially  supported  by  Casio  Science  Promotion  Foundation. 
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ABSTRACT 

A  sys’.ematic  study  of  the  whispering  gallery  mode  (WGM)  in  cylindrical  dielectric  waveguide  and 
resonators  is  presented  in  this  paper.  The  general  dispersion  equations  and  the  behaviour  of  the  waves  in  a 
dielectric  waveguide  are  given.  The  resonance  frequencies,  unloaded  quality  factors  of  the  dielectric 
resonators  have  also  been  obtained.  Furthermore,  the  planar  whispering  gallery  (WG)  solid  dielectric 
resonators  and  hollow  dielectric  resonators  have  been  studied  as  well.  The  coupling  and  possible  applications 
of  WGM  of  the  dielectric  resonator  (DR )  are  discussed  and  the  general  equations  concerning  the  coupling  of 
a  WGM  DR  with  two  microstrips  are  given  in  this  paper. 

INTRODUCTION 

The  study  of  dielectric  waveguides  and  resonators  has  a  long  history.  Owing  to  the  development  of  optical 
fibres ,  wave  propagation  along  dielectric  waveguides  becomes  an  attractive  subject  in  the  engineering  field. 
Additionally,  DR' s  have  also  been  widely  used  in  conjunction  with  microstrips  for  filter  and  oscillator 
applications.  As  the  frequency  increases  the  dimensions  of  the  micrwave  components  decrease  and  introduce 
new  problems.  Using  the  WGM,  larger  sized  DR^  can  be  used  in  mm- wave  applicatons.  A  ntunber  of 
papers  '"■'have  been  published  and  this  work  builds  on  these  studies. 

It  is  well  kown  that  the  modified  Bessel  function  Kn(x)  represents  a  decaying  (evanescent)  field  whilst  the 
Hanke!  functions  of  the  second  kind  Hb‘*'(x)  are  usually  used  to  represent  the  outgoing  propagating  wave. 
In  the  case  of  the  WGM  there  are  different  cases  as  shown  in  Table  I.  For  the  case  ki  >3  >  k,  there  is  no 
wave  propagation  in  the  radial  direction  and  it  would  be  better  to  use  the  modified  Bessel  function  K.(x) 
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rather  than  the  Hankel  function  As  is  the  case  for  3<k|  <  kiand  the  case  where  0^0,  it  is  felt 

that  it  would  be  better  to  use  the  Hankel  function  since  there  is  some  leakage  from  the  wave 

travelling  in  the  radial  diraction.  It  thus  seems  reasonable  or  appropriate  to  use  different  radial  variation 
functions  for  different  cases  as  shown  in  TaUe  1. 

Hw  paper  is  structured  as  foUowst 

1.  Systematic  study  of  the  waves  propagating  in  a  dielectric  waveguide  and  resonator. 

2.  Dispersion  equations  of  WGM  of  a  DR. 

3.  Analytical  formulas  for  unloaded  Q. 

4.  HoUowDRWGM. 

5.  General  coupling  formulas. 

GENELAL  ANALYSIS 

In  this  section,  a  gmeral  analysis  of  a  dielectric  wavegui^  is  taken  out.  From  MexweU' s  equation  and 
boundary  conditions ,  the  field  components  and  diqiersion  equation  are  obtained.  A  detail  discussion  is  also 
carried  out. 

WHISPERING  GALLERY  MODE 

A  detail  analysis  of  the  features  of  whispering  gallery  modes  is  taken  here.  In  the  case  of  the  WGM  the 
coupling  term  is  negligible  and  the  TE  and  TM  modes  are  independent  from  each  other.  The  field 
components  are  given  and  the  dispersion  equations  of  WG  modes  in  many  cases  are  obtainad.  Ihe  resonance 
frequency,  storage  energy  and  unloaded  quality  factor  in  a  dielectric  resonator  are  also  given  and  studied  in 
detail. 


WGM  IN  A  HOLLOW  DIELECTRIC  WAVEGUIDE  AND  DR 

The  prq[>erties  of  electromagnetic  field  of  the  WGM  in  a  hollow  dielectric  waveguide  and  is  studied  in  this 
section.  By  applying  the  boundary  conditions,  the  WGM  field  components  and  dispersion  equations  are 
studied,  the  stored  energy  and  unloaded  Q— value  are  obtained  by  a^Jlying  the  methods  similliar  to  that  of 
the  above  section.  Considering  the  properties  of  the  WGM ,  a  general  coupling  equation  of  the  WGM  in  a 
DR  with  two  microstrips  are  studied.  In  ^jecial  cases ,  the  equatioons  for  directional  power  combiners  and 
fUters  are  also  obtained. 

CONCLUSIONS 

A  systematic  theorectical  study  of  the  whispering  gallery  mode  in  a  cylindrical  waveguide  and  resonator  has 
been  presented.  When  B^0,the  general  diqTersion  equations  have  been  given  with  the  consideration  that 
the  proper  radial  variation  functi(His  should  be  used  ui  accordance  with  the  value  of  3, and  the  dispersior. 
equations  give  the  relationship  between  3  and  ®  with  n ,  the  azimuthal  variation  number ,  specified.  When  3 
-v’O,  the  dispersion  equations  give  the  relationship  between  n  and  <a  in  this  case,  the  dispersion  eqxiations  for 
TE  and  TM  can  be  simplified.  In  the  case  3>lti>'kr  there  is  radiation  loss  and  the  unloaded  Q  may  be 
calculated. 
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Since  in  the  WGM  the  field  is  concentrated  in  the  vicinity  of  the  dielectric  boundary,  there  is  almost 
no  field  in  the  central  region,  thus  we  can  visualise  that  the  hole  in  the  guide  structure  will  have  an 
insignigicat  effect  on  the  wave  propagating  along  the  guide  boundary.  Hollow  dielectric  waveguide  and 
hollow  dielectric  resonator  have  also  been  studied  in  the  paper.  One  of  the  important  features  of  the  WGM 
in  a  DR  is  the  analogy  with  a  travelling  wave  ring  resoruitor.  The  coupling  approach  ar.il 
coupling  equations  of  the  WGM  of  the  DR  with  two  microstrips  are  discussed  as  well  here. 
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Correct  radial  variation  functions 
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Z,(i.ir)  =  J,(k,ir) 
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Value  of  t,i,  i,j 

Feature  of  waves 

1.  fi>k,>kt 

slow  waves 

1,1*  <0,  *,i  imaginary 
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2.  k,>fi>kt 

slow  waves 

i,i*>  0,  icireal 

v,>CC/\/7o 

>  0 ,  i,i  imaginary 

v.<C 

3.  t,  >  t,  >  /r 

fast  waves 

i,i»  >0,  *,i  real 

v,>C>  (C/  /^) 

ic2*  >  0 ,  i,i  real 
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azimuthally  travelling  waves 

id’  =  ii^  >  0,  id  real 

Vi  =  lo/n 

id'  =  i:’  >  0,  i,j  real 
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Abstract 


Recent  developments  in  35  GHz  rectifying  antenna  (rectennas)  have  made  miUimeter-wave  power 
transmission  possible.  This  paper  summarizes  the  recent  results  and  predicts  the  future  develop¬ 
ments. 


Introduction 


Microwave  or  millimeter- wave  power  transmission  is  a  viable  metins  to  deliver  power  from  space 
to  ground  [1],  ground  to  ground,  ground  to  space  and  space  to  space  [2).  In  all  these  systems,  the 
DC  power  is  first  converted  to  RF  power  using  tubes  or  solid-state  devices,  the  RF  power  is  then 
radiated  into  the  free  space  and  received  by  an  array  of  rectifying  antenna  (rectenna).  The  RF 
power  is  then  converted  back  into  DC  power  by  the  rectenna.  Figure  1  shows  the  system  block 
diagram. 

Microwave  power  transmission  systems  at  2.45  GHz  have  been  extensively  studied  and  com¬ 
ponents  have  been  developed  [Ij.  Operating  at  millimeter-wave  frequencies  has  the  advantage  of 
smaller  antennas  allowing  transmissions  over  longer  distances.  The  efficiencies  of  rectenna  and  gen¬ 
erator  are  lower  at  millimeter-wave  frequencies,  but  the  overall  system  efficiency  could  be  higher 
at  millimeter-wave  frequency  than  2.45  GHz  for  long  distance  transmission  using  the  same  size  of 
antenna  and  rectenna. 


35  GHz  Rectenna.*; 


A  35  GHz  quasi-oplical  integrated  circuit  rectenna  has  been  recently  developed  at  Texas  A  M 
University  with  39%  RF  to  DC  conversion  efficiency.  The  circuit  uses  a  microstrip  dipole  antenna, 
and  a  commercially  available  beamlead  mixer  diode  [3].  It  (Figure  2)  consists  of  a  dipole  antenna, 
a  loiypass  filter,  a  diode,  and  a  DC  pass  filter.  The  circuit  was  built  on  Duriod  5880  substrate  with 
a  thickness  of  0.25  mm.  The  length  and  the  width  <^1  the  dipole  were  designed  to  be  0.46  Aq  and 
0.02  Aq.  Figure  3  shows  the  performance  of  conversion  efficiency  as  a  function  of  input  power.  It 
can  be  seen  that  39%  efficiency  was  achieved  at  60  mW  input  power  with  a  load  of  400  ohms.  The 
measured  results  agree  well  with  the  theoretical  analysis  using  nonlinear  circuit  modeling.  The 
measurements  were  done  using  a  waveguide  simulator  in  an  arrangement  shown  in  Figure  4. 

The  diode  used  was  not  optimized  for  power  conversion  application.  Higher  efficiencies  of  60  tc 
70%  could  be  possible  if  special  devices  are  designed  for  this  application. 

System  Assessment 


The  candidates  for  microwave/miUimeter-wave  generators  are  gyrotrons,  klystrons,  and  mag¬ 
netrons.  At  millimeter- wave  frequencies  (35  GHz,  for  example),  high  efficiency  gyrotrons  are  viable 
sources.  With  the  availability  of  rectennas  and  gyrotrons,  35  GHz  transmission  systems  are  feasible 
in  the  near  future. 
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Fig  1  System  diagram  for  microwave/millimeter-wave  power  transmission 
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EFnCIENCY  [X] 


Fig  2  35  GHz  rectenna  circuit  layout.  Ll  =  0.92  mm,  L2  =  1.19  nun, 
L3  ~  0.58  mm,  and  L4  =  0.18  mm. 
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Fig  3  Measured  conversion  efficiency  for  35  GHz  rectenna. 


^AmgaidB  Spacer 


Fig  4  Conversion  efficiency  measurement  setup. 
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Abstract 

An  interband  transition  modulated  cyclotron  resonance  (CR)  technique  has 
been  developed  to  study  the  CR  in  intrinsic  wide  gap  semiconductors.  The 
differential  change  of  the  FIR  transmission  induced  by  the  extra  monochromatic 
excitation  light  is  recorded  in  this  technique.  The  sensitivity  of  this  technique 
is  at  least  10  times  higher  than  that  of  conventional  methods.  The  new  technique 
is  used  to  study  the  intraband  transition  and  impurity  transition  in  II-VI  and  III- 
V  group  semiconductors.  The  pronounced  CR  transition  and  impurity  transition 
signal  have  been  observed  in  the  sample  of  CdTe  and  Ing  52Gay  .j^.^s/InP  MQWs 
which  could  not  be  observed  in  conventional  techniques.  A  strong  resonant 
excitation  effect  has  been  observed.  For  the  first  time,  both  the  spin-flip 
transition  and  CR  have  been  observed  in  semimagpietic  semiconductor  CdMnTc. 
The  strong  exchange  interaction  effect  has  been  observed.  Moreover,  the  CR  in 
MQWs  CdTe/Cdg  gMno  2Te  has  also  been  observed  for  the  first  time.  Comparing 
to  the  peak  position  of  bulk  CdTe,  the  Cr-of  MQWs  CdTe/Cdg  sMiiq  2Te  has  a  shift 
to  lower  magnetic  field.  It  may  indicate  the  influence  of  Mn  in  barriers. 


A  345  GHz  Open  Structure  SIS  Receiver  at  the  IRAM  30>M  Telescope 
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K.H.  Gundlach,  B.  Lazareff 
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1  Introduction 

Superconductor-insuJator-superconductor  (SIS)  mixers  in  open  structure  technique  have  been 
studied  in  the  last  10  years  for  application  in  the  submilimeter  wavelength  range.  They  can  be 
built  at  much  lower  costs  than  waveguide  mixers  and  may  have  better  transmission  especially 
below  0.5  mm  wavelength.  This  advantage  is  easily  lost  if  the  mainbeam  efficiency  of  an  open 
structure  system  falls  short  in  comparison  to  a  competing  waveguide  system.  This  may  be 
the  reason  why  open  structure  SIS  systems  have  not  yet  been  installed  at  radiotelescopes. 
We  report  about  a  system  which  not  only  has  very  low  receiver  noise  but  also  accomplished 
unsurpassed  sensitivity  after  installation  at  the  to  date  largest  radiotelescope  precise  enough 
for  submillimeter  observations. 

2  Description  of  the  receiver 

The  receiver  consists  of  an  open  structure  SIS  mixer  in  a  liquid  Helium  bath  dewar,  a  Gunn- 
oscillator  with  frequency-triplet,  and  a  beam  combiner. 

The  open  structure  mixer  (1-3)  is  based  on  an  aspheric  immersion  lens  of  1  cm  diameter,  made 
from  crystal  quartz,  and  a  0.5x  5  mm  fused  quartz  substrate  which  carries  the  SIS  junctions 
(fig  1).  A  movable  backplane  behind  the  substrate  is  used  to  peak  the  mixer  gain  at  a  given 
frequency.  As  its  tuning  characteristic  is  soft  and  much  wider  than  the  sideband  distance  (2.T 
GHz),  we  conclude  that  this  receiver  sees  a  continuum  source  with  equal  sensitivity  in  both 
sidebands.  The  mi.xer  element,  produced  in  the  IRAM  junction  laboratory  [4]  consists  of  a 
series  array  of  two  Nb-.A.loxide-N’b  junctions  of  2  each.  The  junction  array  has  a  lota! 
capacitance  of  60  fF  (i  50%)  which  is  sufficient  to  short  the  feed  antenna  almost  perfectly. 
Very  little  signal  could  reach  the  mixer  unless  the  junction  capacitance  was  compensated  by  a 
resonant  circuit,  .^n  inductance  in  shunt  connection  would  be  the  best  method  but.  in  order 
to  allow  for  DC  biasing  of  the  junction,  a  large  capacitance  has  to  be  connected  in  series 
with  it.  The  deposition  of  a  sufficient  large  capacitance  without  parasitic  resonance,  is  a 
technological  problem.  On  the  other  hand,  an  inductance  in  a  series  resonance  transforms  the 
normal  resistance  of  the  junction  of  roughly  50  fl  down  to  a  few  ohms.  With  a  quarterwave 
transmission  line  this  small  impedance  hafr  to  be  transformed  back  into  its  orginal  value 
or  larger,  to  match  the  antenna.  We  have  chosen  this  compensation  method  implementing 
the  small  series  inductance  by  chosing  the  transmision  line  the  right  amount  longer  than 
1/4  wavelength.  W^ith  different  characteristic  impedance  of  the  transmission  line  both  the 
junction  capacitance  can  be  removed  and  the  normal  resistance  can  be  transformed  to  any 
desired  value.  Most  important  this  compensation  method  can  handle  the  large  tolerances 
in  junction  capacitance  inherent  in  the  production  method  (fig. 2)  Superconducting  coils  on 
both  sides  of  the  mi.xer  block  produce  a  field  of  100  Gauss  in  order  to  suppress  the  Josephson 
effect.  The  mixer  output  is  connected  to  lew  noise  amplifiers  on  the  4.2  K  and  77K  stage  of 
the  dewar  which  have  an  overall  gain  of  50  dB  and  a  bandwidth  of  1000  to  1800  MHz.  Mixer 


and  preamplifiers  are  integrated  into  a  commercial  (Infrared  Laboratories)  3-liter  IHe  bath 
dewar  which  has  a  quiescent  hold  time  of  3  days. 

The  local  oscillator  [5]  consists  of  a  Gunn  oscillator  followed  by  a  frequency  tripler.  The  InP 
Gunn  oscillator  covers  a  frequency  range  of  110 — 120  GHz,  with  an  output  power  of  more 
than  10  mW,  and  a  maximum  power  of  38  m  W  at  115  GHz.  The  tripler  output  is  injected  . o 
the  signal  path  by  various  Mylar  and  Polypropylene  foils  providing  coupling  ratios  between 
1.5  amd  4  %  depending  on  LO  power  available  at  various  frequencies.  The  Gunn- oscillator 
was  phaselocked  to  the  10th  harmonic  of  a  commercial  synthesized  frequency  generator  (HP 
8671)  using  a  harmonic  mixer,  a  diple.xer  and  a  commercial  (STS)  lock-box  (fig.  3).  Frequency 
tracking  in  both  the  LSR  and  heliocentric  reference  system  was  accompished  under  tne  control 
of  the  telescope  computer. 

The  amplified  IF  signal  from  the  dewar  is  connected  to  a  third  low-noise  amplifier  of  40dB 
gain  and  afterwards  (fig.  2)  converted  to  the  frequency  range  of  the  IIIAM  filter  spectrometer 
(512  IMHz  filters  centered  at  342  MHz),  using  a  1700  MHz  second  LO  which  is  hand-set. 

3  Measurements 

The  receiver  optics  must  be  matched  to  the  telescope  optics.  The  effective  focal  ratio  of  the 
Nasmyth  focus  is  :  JdD  =  9.73.  Aiming  at  a  -14  dB  taper  at  the  edge  of  the  secondary 
mirror,  the  receiver  should  have  a  beam  radius  wr>  =  6.2mm  at  the  waist. 

The  beam  of  the  receiver  was  measured  using  a  rotary  t.ilile  and  a  chopped  cold  load  with  a 
30  mm  aperture  at  a  distance  of  600  mm.  Reading  the  beamwidths  in  the  E  and  H  cuts  at 
the  S.()  dB  threshold,  waists  where  derived  .esuming  two  Gaussian  profiles.  These  two  waists 
served  as  a  basis  for  the  design  of  the  optics  necessary  to  adapt  the  receiver  to  the  telescope. 
Although  the  measured  beam  profiles  are  not  Gaussian,  it  is  not  wrong  to  design  an  optical 
system  by  first  adjusting  a  Gaussian  profile  to  the  measured  beam  and  calculating  secondary 
waist  sizes  and  positions  using  formulae  for  the  1st  order  Gaussian  mode.  The  only  additional 
requirement  is  to  make  the  aperture  large  enough  that  higher  order  modes  are  transmitted 
without  diffraction.  A  grooved  Polyethylene  lens  with  100  mm  focal  length  was  designed 
which  has  a  diameter  of  50  mm  corresponding  to  2  .r.  The  secondary  waist  is  in  a  distance 
of  200  mm  from  primary  waist.  It  is  elongated  now  in  the  Il-plane  (table  below). 


woi  1 

Wo2 

E- plane  mm 

3.07  1 

7.46 

H-plane  mni  ! 

2.32  1 

ll.S 

With  a  11.8  mm  waist  in  the  H- plane  the  telescope  wais  underilluminated  leading  to  the 
elongated  beam  profile  observed  when  scanning  the  planet  Mercury  (fig.  4).  This  shortcoming 
can  be  corrected  in  future  by  e.g  adding  a  prism. 

The  receiver  noise  is  116K  at  345  GHz  if  measured  in  the  laboratory  without  matching  optics 
at  the  1st  IF  in  .50  MHz  bandwidth  and  a  bath  tetnperature  of  3.8K.  corresponding  to  3000m 
altitude  (fig.  5).  Values  below  lOOK  have  been  reached  at  340  GHz  and  a  bath  temperature 
of  l.,5K.  The  average  noise  temperature  over  the  full  bandwidth  of  512  the  MHz  IRAM  filter 
spectrometer  is  ~20K  higher.  Some  noise  is  added  by  (i)  the  grooved  lens  necessary  to  match 
beams  of  receiver  and  telescope,  (ii)  the  2nd  IF  conversion  (fig.  3),  (iii)  50  m  cable,  equalizers 
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and  other  backend  components.  The  overall  noise  temperature  recorded  by  the  telescope 
computer  during  the  observing  period  (table  below)  is  50K  higher  than  laboratory  results 
and  degrades  towards  the  edges  of  the  tuning  range.  The  gain  was  stable  to  better  than  1% 
for  integration  times  in  excess  of  5  hours. 


LO  Freq. 
GHz 

U  bias 
mV 

I  bias 
IxA 

Noise  T.(50MHzj 
K  (DSB) 

Noise  T.(500MHz] 
K(DSB) 

330 

3.8 

7.5 

157 

170 

333 

3.8 

7.5 

135 

155 

336 

3.8 

13 

151 

208 

339 

3.8 

13 

149 

160 

342 

3.8 

13 

152 

160 

345 

3.8 

13 

173 

180 

348 

3.8 

13 

170 

216 

351 

3.8 

13 

226 

242 

354 

3.8 

13 

235 

270 

357 

3.8 

8 

264 

310 

360 

3.8 

8 

330 

From  pointing  cross-scans  on  the  planets  we  derive  the  following  antenna  temperatures  and 
corressponding  mainbeam  and  aperture  efficiencies  for  the  antenna: 


Object 

Diam. 

arc  sec 

Br.  Temp. 

K 

Elevation 

degree 

Scan  Width 

arc  sec 

Mainbeam 

arcsec 

T 

K 

% 

Va 

Mercury 

4.8 

518 

28 

9.3 

18.2 

0.14 

0.072 

Venus 

12.2 

203 

32 

12x15 

45 

0.14 

Mars 

4.2 

215 

31 

9.5x12.5 

10 

6.0 

0.14 

0.072 

Jupiter 

42.7 

165 

56 

44 

75 

Saturn 

14,5 

150 

30 

16.5x17.5 

2 

0.14 

Uranus 

3.44 

9.5 

30 

8x10 

1.6 

Neptun 

2.G 

90 

31 

0.4 

To  show  the  caoabilitv  of  the  system  we  give  twoe.xamples  of  galactic  spectra.  The  first  (fig.  6), 
is  the  circumsteiiar  envelope  of  a  carbon-rich  star  measured  at  the  '^CO  f3-2)  transition  at 
345.8  GHi.  The  ne.'ct  (fig.  71  the  same  transition  from  the  rare  isotope  *^C0  observed  in  a 
molecular  cioud  complex.  The  last  spectrum  (fig.  S)  is  from  an  external  galaxy.  NGC  891  is  a 
ordinary  gaiaxy  similar  to  the  Milky  Way  which  is  seen  almost  perfectly  edge  on.  Apart  from 
its  great  scientific  interest  this  object  was  chosen,  because  it  is  about  a  factor  of  20  weaker  than 
radiogalaxies  which  have  been  studied  so  far  at  these  frequencies  at  competing  telescopes.  At 
an  absorption  constant  r  =  .22  towards  z^it  and  a  system  noise  temperture  of  1242K  this 
spectrum  was  recorded  in  30  minutes.  TheTR,MS  noise  on  the  baseline  is  ~0.02K  in  a  4  MHz 
channel  and  the  line  emi.ssion  (0.12  K  antenna  temperature)  is  measured  with  reasonable 
quality.  The  large  width  of  the  emission  line  in  comparison  to  the  previous  spectra  is  due  to 
a  large  number  of  objects  at  different  radial  velocities  seen  in  this  distant  galaxy  with  a  10” 
antenna  beam.  12  spectra  of  comparable  quality  have  been  taken  from  different  regions  of 
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this  source  in  7  hours  of  observing  time.  In  combination  with  spectra  taken  lower  transitions 
of  CO  taken  previously  with  the  same  antenna  these  data  will  be  used  to  derive  excitation 
temperatures. 

4  Conclusions 

To  our  knowledge  this  is  the  first  open  structure  system  of  its  kind  which  was  installed  at 
a  large  radiotelescope  for  scheduled  observations  by  observers  not  engaged  in  this  project. 
In  a  2.5  weeks  observing  period  at  24  hours  operation  per  day  and  roughly  50  frequency 
changes  the  system  proved  to  be  extremely  stable,  reliable  and  convenient  to  handle.  Its  high 
sensitivity  combined  with  an  angular  resolution  of  ~10”and  ~  70  of  effective  area  of  this 
telescope  at  0.86  mm  wavelength  allows  for  investigations  at  extragalactic  objects  not  possible 
with  competing  telescopes. 
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Calibration  curve  for  tbe  receiver  noise  temperature  measured  is  the  laboratory  at  345.8  GHz 
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Molecular  line  emission  (345 J  GHz)  from  (3-2)  measured  at  the  source  IRC-h  10216. 
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Isotopic  line  emission  (330.6  GHz)  from  (3-2)  measured  at  the  source  OR  IRC2. 
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Mdiecular  line  emission  (345.8  GHz)  measured  at  the  external  galaxy  NGC  891 
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1.  Introduction. 

Development  of  low  noise  receivers  of  mm  and  sub  mm  wave  bands  is 

stimulated  mainly  by  radioastronomy  requirements  for  measuremenis,  icr 
example,  of  cosmic  background  noise  with  temperature  of  tae  order  oi  3 

K,  thermal  radiation  of  interstellar  dust,  synchrotron  radiation  irom 
ionized  cosmic  regions,  molecular  lines  radiation  with  temperature  10 
-  too  K.  Achievements  in  sensitivity  of  such  receivers  increase  leans 

to  the  possibility  oi  application  in  passive  and  active  radar,  commu¬ 

nications  technique,  studies  of  materials  and  biological  systems.  etc 
The  best  sensitivity  in  the  band  0,6  -  3  mm  is  achieved  by  receive  ■ 

with  superconductor-insulatc  -superconductor  (SIS)  junctions  In  51 1 

mixers  noise  temperatures  ^10  K  which  is  close  to  quantum  limit  and 

conversion  gain  close  and  even  higher  unity  were  achieved  at  frequen¬ 
cies  of  the  order  oi  100  GHz,  The  best  attained  results  lor  SIS  mixers 

and  receivers  obtained  by  different  authors  are  presented  in  table 

frequency,  GHz  100  250  350  500 

T  ^  ,  K  (mixer)  6  40  -  240 

dsb 

T  .  K  (receiver)  20  60  150  420 

dsb 

The  upper  limit  of  SIS  mixer  sig  lal  frequency  may  be  estimated 

by  expression:  F^^^=2A/h  where  2A  -  the  sum  energy  gap  of  superconduc¬ 
tors.  h  -  Plane's  constant.  For  the  most  common  junctions  of  structure 

Nb-AIO  -Nb  this  relation  gives  F  =750  GHz. 

X  °  max 

Input  beam  of  SIS  mixer  in  radioastronomic  oOservations  is  an 
output  beam  of  parabolic  antenna,  converted  by  quasioptic  methods  witr 
lenses  and  mirrors  into  Gaussian  beam  which  is  fed  mio  crvostal.  Fc' 
SIS  mixer  matching  with  such  beam  two  methods  are  using  one  c'  wave¬ 
guide  type  with  scalar  horn  and  placed  in  waveguide  SIS  junction  wn.r 

IF/RF  filters  and  another  of  quasioptic  or  opend  type  with  planar 
antenna  which  directly  transforms  Gaussian  beam  energy  to  current  via 
SIS  junction  integrated  in  such  planar  antenna  structure. 

2. SIS  series-parallel  arrays.  - 

The  traditional  series  SlS-arrays  have  some  disadvantages  the 
noticeable  influence  oi  difference  in  the  junction's  normal  state 
resistance  and  significant  mismatch  at  IF  output.  To  overcome  these 
drawbacks  of  the  traditional  series  arrays  we  have  proposed  and  deve¬ 
loped  a  new  concept  of  oarallel  biased  SIS  arrays  The  parallel  con¬ 
nection  on  dc  and  IF  is  provided  by  specially  designed  superconducting 

circuits  which  maintain  the  same  low  frequency  voltages  across  an\ 
junction  in  the  array  At  the  same  time  SIS  junctions  are  connectec 

in  series  for  rf  signals  because  of  high  impedance  of  biasing 
cir'-;its 

The  most  evident  advantage  of  parallel  biased  SIS  arrays  is  the 
equality  of  dc  voltages  even  at  significantly  spreading  oi  the 


junction  nonnai  state  resistances.  The  variatir:.  of  the  local  oscil¬ 
lator  (LO)  power  for  different  junctions  due  to  the  difference  of  the 
normal  state  resistances  does  not  result  in  noticeable  deteriorations 
of  the  mixer  performance.  Another  oreference  of  the  parallel  biased 
SIS  arrays  is  decreasing  of  the  IF  output  impedance.  It  gives  a  possi¬ 
bility  to  provide  the  matching  of  high  efficiency  mixer  (where  indivi¬ 

dual  junctions  have  very  large  output  dynamic  resistance)  with  stan¬ 
dard  50  Ohm  IF  amplifier. 

High  quality  Nb-AlO^-Nb  tunnel  junctions  were  employed  as  the 

elements  of  the  parallel  biased  arrays.  The  optimized  preparation 
conditions  were  used  to  avoid  intrinsic  stress  in  the  junction  elect¬ 
rodes.  As  a  result  the  SIS  junctions  with  R./R  ratio  about  50  and  the 

1  n 

gap  smearing  5V  “100  flV  have  been  realized  lor  the  junction  areas  3-^5 

at  ambient  temperature  4.2  K.  For  100  GHz  microwave  experiments  the 

ten  or  eleven  2.5  fJL  junction  arrays  were  designed  and  fabricated  on 

crystalline  or  amorphous  quartz  substrates  (0.09  "r  0  2  mm  thick)  The 

array  normal  state  resistances  were  17  ■i’  20  JZ  for  the  case  of  maximum 

conversion  gain  (OC  ~  1)  at  f  ~  100  GHz.  Tne  values  of  the  rf  mpui 

lo 

impedances  were  700'r800  0,  the  output  differential  resistances  -  about 

45  a 

The  lowest  receiver  noise  temperature  =19.512  K  has  been 

achieved  for  small  LO  power  with  G  “  -2dB.  Mixer  with  one  tuning 

(non-contacting  backshort  placed  at  5/4  A  from  SIS^  array)  was  used  for 

SSB  measurements,  the  receiver  noise  temperature  T^  as  lov.  as  40  K 

has  been  realized.  The  estimated  mixer  noise  temperature  T  K 

m 

This  value  is  very  close  to  the  quantum  limit  hf/k“5  K  The  measured 
receiver  noise  temperature  was  determined  mainly  by  the  input  circuits 
rather  than  the  mixer  and  IF  amplifier  noise  contribution.  Preliminary 
experiments  with  over  mode  waveguide  input  system  have  demonstrated 
even  lower  T  values. 

f 

3.  Integrated  quastoptic  mixer  chip. 

Another  solution  of  matching  problem  may  be  demonstrated  by  the 

example  of  integrated  quasiopfic  structure  for  SIS  mixers  and  direct 
detectors.  In  this  structure  spiral  antenna  parameters  allows  to 
transform  impedance  of  free  space  12071  S2  to  50  Q  and  further  matching 
of  SIS  R^“8  Q  is  realized  by  microstrip  impedance  transiorme-  that 

allows  not  only  to  tune  out  stray  capacitance,  but  also  to  transform 

the  real  part  of  impedance  to  antenna  output  resistance  value. 

The  mixer  noise  temperature  as  low  as  8±6  K  at  the  hot  input  tor 

109.8  GHz  LO  frequency  was  measured  in  such  quasioptic  mixer  at  the 

second  quasiparticle  step. 

4.  DC  SQUID  RF  amplifier. 

One  of  the  most  promising  types  of  IF  amplifiers  are  DC  SQUID  RF 

amplifiers  (SQA)  which  have  noise  temperatures  lower  0.5  K  at  frequen¬ 
cies  up  to  500  MHz.  The  nearest  competitor  of  SQA  are  cooled  HEMT 

amplifiers  which  have  T|^~(1-3)  K  at  l~(1-3)  GHz,  but  have  rather  high 

power  dissipation  and  nearly  achieved  their  ultimate  parameters  SQA 
has  more  than  one  order'  reserve  in  the  limit  of  gam.  noise  tempera¬ 
ture  and  signal  frequency  even  on  the  basis  of  the  present  technology 

The  advantages  of  SQA  are  extremely  low  power  dissipation  of  several 
picowatt,  small  size  {~1  mm^)  and  full  electrical  and  temperature 
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compatibility  with  superconducting  sensitive  devices  such  as  Josephson 
and  SIS  mixers. 

To  increase  the  input  signal  frequency  and  bandwidth  of  SQA  we 
designed  a  four-loop  dc  SQUID  with  an  integrated  input  coil  in  the 

form  of  rectangular  turns  inside  the  loops.  Our  measurements  of  noise 

temperature  has  shown  K  that  is  only  twice  higher  above  the 

calculated  quantum  limit.  Taking  the  limiting  value  of  Josephson 
frequency  in  SQUID  loop  corresponding  to  Nb  energy  gap  one  can  in 

principle  achieve  gain  of  20  dB  at  signal  frequency  almost  10  GHz. 

5.  Superconducting  LO  source. 

Superconducting  mm  and  sub  mm  local  oscillator  may  have  many 
advantages  for  SIS  receivers  in  comparison  with  BWO  or  Gunn  dioc 
oscillators.  Temperature  and  technological  compatibility  oi  suet, 

oscillator  with  SIS  junction  allows  to  integrate  it  at  the  same  subst¬ 

rate.  Extremely  low  necessary  LO  power  level  of  several  nanowati  ano 
small  dissipation  in  superconducting  high  Q-iactor  resonators  allow  tc 
utilize  several  types  oi  superconducting  oscillators. 

The  most  natural  type  seems  to  be  Josephson  oscillators  based  on 
small  single  junctions.  Another  one  is  one  or  two  dimensional  arrays 
of  small  single  junctions,  large  (also  called  continuous  or  distribu¬ 
ted)  Josephson  junctions.  In  distributed  junctions  oscillations  Ire- 
quency  may  be  determined  either  by  length  of  junction  in  which  fluxons 
oscillations  occur  or  by  voltage  and  magnetic  field  in  flux  flow  mode. 

It  is  possible  to  construct  a  non-Josephson  oscillator,  lor  exam¬ 
ple  by  means  of  regenerating  external  resonator  by  negative  dynamic 
resistance  at  IV  curve  of  superconductor-insulator-normal  metal- 

superconductor  (SINS)  junction  over  the  energy  gap  voltage  Junction 
with  SINS  structure  may  have  large  region  ol  negative  dynamic  resis¬ 
tance.  Such  junction  may  be  connected  to  microstrip  resonator  which  is 

easily  compatible  to  SINS  junction.  We  have  designed  and  tested  integ¬ 

rated  circuit  with  SINS  oscillator  junction,  microstrip  resonator, 
microstrip  transformers  and  additional  SIS  junction  microwave 

detector. 

6.  Digitizing  of  output  signal. 

At  the  output  of  integrated  superconducting  receiving  chip  may  be 

applied  a  superconducting  ADC  for  conversion  of  IF  signal  m  digital 
signal  for  further  computer  processing  and  displaying  Such  ADC  can  be 

based  on  rapid  single  flux  quantum  (RSFQ)  logic.  We  designed  and  tes¬ 
ted  experimentally  all  necessary  elements  of  such  ADC  made  on  the  base 

of  niobium,  A  technology  was  developed  for  this.  It  was  shown  that 
logic  elements  using  RSFQ-logic  have  switching  frequencies  up  to  100 
GHz  and  more.  Experimental  prototype  of  such  8-bit  ADC  was  designea 

and  manufactured.  The  working  ability  of  elements  of  this  ADC  was 
demonstrated.  Successful  operation  of  whole  two-bit  ADC  of  such  type 
was  also  demonstrated, 

7.  Conclusion.  On  the  way  to  integrated  superconducting  receiver. 

Our  results  in  development  of  superconducting  SIS  mixers.  IF 
SQUID  amplifiers,  superconducting  LO  and  ADC  makes  possible  to  design 

and  create  integrated  superconducting  single-chip  receiver.  Before 

such  chip  cooled  ferrite  modulator-phase-shifter  may  be  placed  We 
have  designed  and  produced  such  device  for  SIS  radioaslronomic  recei¬ 
ver  placed  in  vacuum  cryostat. 

Full  text  of  this  paper  will  be  spread  at  the  Conference  or  send 
on  the  request. 
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ABSTRACT 

The  paper  presents  the  principle  of  Bmm  microwave  radiometer  receivers, 
which  include  four  frequencies:50.30GHz,53.74GH2,54.96GHz  and  57.95GHz, 
and  the  test  results.  AS  usual,  the  receiver  is  Di eke- type  so  as  to  el¬ 
iminate  the  sain  vibration  of  the  receiver  system,  but  its  sensitivity 
is  less  than  that  of  a  total-power  type.  In  5mm  receivers, a  total-power 
receiver  is  used  to  set  hisher  sensitivities  and  periodic  calibration 
is  adopted  to  reduce  the  sain  shift  of  the  receiver  system. This  receiv¬ 
er  is  called  Total-powei — Switch  receive, t'.TS  receiver  for  short-From  the 
test  results, a  conclusion  can  be  sot  tnat  TS  receivers  are  feasible  and 
has  a  iarse  extent  of  development,  especially  in  remote  sensins  on  sat- 
1 1 ites. 

Key  words:  total-power  receiver,  TS  receiver,  sensitivity,  sain  shift, 
periodic  calibration 

Instroduct ion 

A  microwave  radiometer  is  a  useful  tool  in  remote  sensins.  because 
microwave  can  penetrate  the  content  of  the  atmosphere,  such  as  cloud, 
rain  and  haze, and  has  the  all-weather  ability. In  China, radiometers  have 
only  been  used  on  the  sround  to  measure  the  water  vapor  and  rain  of  the 
atmospere.  The  wave  lensths  used  in  the  radiometer  usually  are  8min  and 
13.5mm, these  radiometers  are  Dicke  receivers.  Now  5mm  radiometer  recei¬ 
vers  are  developed  in  total -power  typo  fer  a  satellitt^  remote  sens  ins -A 
periodic  calibration  technolosy  is  adopted  to  eHminite  the  sain  shift 
of  the  system  in  receivers, V/e  call  this  receiver  a  total-powei — Switch 
receiver,  TS  receiver  for  short.  The  principle  of  a  5inm  TS  receiver  is 
describled  in  the  sencod  part,  the  theoretical  measurement  sensitivity 
is  presented  in  the  third  part  and  the  test  results  are  siven  in  the 
fourth  part- At  last  the  conclusion  and  acknowledsments  are  siven. 

Foundamental  principle  of  TS  radiometer 

The  Dicke  switch  used  in  Dicke  radiometers  has  an  important  function  to 
eliminate  the  sain  shift  of  the  receiver  system  by  a  Iteratively  input- 
ins  the  antenna  temperature  sisnal  and  the  call bra tins  sisnal  with  a 
hish  freqency  in  the  intesration  time.  This  technolosy  results  in  that 
the  sensitivity  of  a  Dicke  radiometer  is  just  as  half  times  as  that  of 
a  total -power  radiometer . If  the  sain  shift  is  little  enoush  as  the  pei — 
formance  of  devices  has  been  sreatly  developed,  it  is  not  necessary  to 
input  the  calibration  sisnal  just  followins  the  antenna  sisnal. The  cal¬ 
ibration  sisnal  can  be  put  off  for  an  interval.  AS  a  result,  a  total — 
power  radiometer  is  adopted  to  improve  the  sensitivity.  In  satellite 
remote  sensins.  the  antenna  of  a  radiometer  must  be  cyclely  scanned  in 
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order  to  attain  a  wide  scanning  belt  on  the  earth- In  cycle  scanning. the 
radiometer  gets  several  instaneous  fields  of  view  (IFOV)  and  two  calib¬ 
ration  fields  of  view, one  for  cold  sky  and  another  for  warm  temperature 
biackbody. which  are  used  to  calibrate  IFOV's  temperatures . Th i s  technol¬ 
ogy  is  called  periodic  caiibration.lt  has  been  used  to  control  the  sys¬ 
tem  gain  and  calibrate  the  IFOV's  temperatures  in  5  mm  TS  radiometers. 
In  figure  1  is  shown  the  sketch  of  a  5  mm  TS  radiometer .The  system  inc¬ 
ludes  a  reflecter.  a  feed  horn, a  mixer,  a  local  osci 1 lator .an  IF  ampli¬ 
fier,  a  square-law  detector,  a  LF  amlifier.  an  integrator,  A/D  and  D/A 
tranfers  as  well  as  a  microprocessor . In  the  measurement  at  the  laborat¬ 
ory.  a  chopping-wave  wheel,  which  is  shown  in  figure  2.  is  used  instead 
for  a  reflector  to  get  cold  and  warm  temperatures.  A  personal  computer 
is  used  to  store  and  process  the  output  data  from  the  microprocessor. 
The  motor  is  controlled  by  the  microprocessor  and  drives  the  chopping — 
wave  wheel. A/D  transfer  puts  the  output  of  the  integrator  into  digital 
data  and  the  output  of  the  D/A  transfer  control  the  gain  of  IF  amplifi¬ 
er.  Here  it  must  be  mentioned  that  an  ideal  integrator  has  been  used  in 
the  TS  radiometer. 


Fig. I  A  5mm  TS  radiometer 


Fig. 2  A  chopping-wave  wheel 

The  period  of  the  system  is  25.6  seconds. In  the  laboratory  measurement, 
there  are  eight  fields  of  view,  two  of  which  are  calibration  fields  of 
view, in  one  period.  The  integration  time  is  1.8  seconds.  The  motor  runs 
an  angle, 45°  ,  at  a  time  so  that  the  cold  and  warm  temperature  signals 
reach  the  horn  in  turn.  Take  the  seventh  (cold)  and  the  eighth  (warm) 
field  of  view  as  calibration  fields  of  view  and  the  temperatures  of 
other  six  fields  of  view  can  be  deducted  by  calibration.  When  the  horn 
looks  at  the  eighth  field  of  view, the  output  of  the  receiver  is  the  re¬ 
ference  voltage  to  control  the  system  gain. The  time  series  are  shown  in 
figure  3. 

Theoretical  measurement  sensitivity 
As  a  total -power  rad i ometer . i ts  sensitivity  is  given  in  theory  by: 

ATmin=TsysV[l/B  T  *( /\G/G)®]  (1) 
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(b)  S/H  signal  of  A/D 


(c)  Motor  control  signal 


(d)  clear  signal 
Fig. 3  Time  series 

where  Tsys  is  the  system  noise  effective  temperature. in  k;B  is  the  band 
width  of  the  receiver,  in  Hz:  x  is  the  integration  time,  in  5:and  <i2iG/G) 
is  the  relative  gain  shift  in  x  seconds. 

Just  as  describling  above, the  seventh  and  the  eighth  fields  of  view  are 
calibration  fields  of  view  in  TS  radiometers.  The  temperatures  of  other 
six  fields  of  view  are  given  as  follows- 


Vi-V8 

Ti  =  T8  +  -  (T8-T7) 

V8-V7 

or 

Vi-V7 

Ti  =  T7  +  -  (T8-T7) 

V8-V7 

(  i  =1.2, 3, 4. 5, 6. 7. 8  ) 


(2a) 

(2b  J 


where  Vi  is  the  receiver  output  when  the  horn  observes  the  ith  field  of 
view.  T7  and  T8  are  the  temperatures  of  the  cold  and  warm  calibration 
biackbodies, respectively . From  equation  (2a)  or  (2b) .get 

Vi-V8  Vi-V7 

ATiiieas(i)=v'[(ATi)^+( - )2(AT7)^*( - )='(AT8)^]  (3) 

V8-V7  V8-V7 

(  i  =  1.2,3,4.5.6  ) 

where  2LTI,ZnT  and  /\T8  are  defined  by  equation  (1 )  ,  AiTmeas  (i )  is  the 
measurement  sensitivity  of  the  ith  field  of  view  in  a  TS  radiometer.  To 
take  the  gain  shift  into  account,  equation  (3)  must  be  altered  by 


Vi-V8  Vi-V7 

ATiiieasfi)=V[(ATi)=*(  -  -  )==(AT8)='-(AGi/G)=Tsys=';  (4) 
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V8-V7 


V8-V7 


where  (A.Gi/G)  is  the  relative  sain  shift  of  the  receiver  system  bet¬ 
ween  the  ith  field  of  view  and  the  calibration  field  of  view. 

Test  results 

In  laboratory  measurement. two  fields  of  view  are  adopted,  one  is  102k 
and  another  290k,  and  the  calibration  temperatures  are  the  same,  e.s. 
T7=102k  and  T8=290k.  When  i=l,3.5.7,  the  horn  looks  at  the  cold  black- 
body, e-s.Ti=102k  <i=l ,3.5,7) ;when  i=2,4.6.8.  the  horn  looks  at  the  warm 
blackbody.e.s.Ti=  290k  (i=2. 4.6,8) -Under  these  conditions,  we  have 

ATiDeas(i)=-y[(ATi)=MAT7)=*(AGi/G)^sys*]  (  i=1.3.5  )  (5a) 

and 

ATiDeas(i)=v[(ATi)=+(AT8)2+(AGi/G)=Tsys=']  (  i=2.4.6  )  (5b) 

The  test  results  of  50.30GHz.53.74GHz.  54-96GHz  and  57.95GHz  four  chan¬ 
nels  are  shown  in  Table  l.From  the  results,  we  know  the  relative  sain 
shift  of  the  receiver  system  in  one  period  is  very  little  enoush  not  to 
affect  the  receiver  sensitivity  and  the  measurement  sensitivities  are 
very  hish. 


Table  1  The  characteristics  of  5mm  TC  radiometers 


f  (GHz) 

measuerment  sensitivities (k) 

AGp/G°^ 

cold“^ 

warm**^ 

50.30 

0. 181 

0.238 

5.46E-6 

53,74 

0.277 

0.305 

3.45E-5 

54.96 

0.280 

0.326 

2. 18E-5 

57.95 

0.296 

0.331 

1.80E-5 

a)  The  horn  lo  iks  at  the  cold  blackbody,T=102k 

b)  The  horn  looks  at  the  warm  blackbody,T=290k 

c)  AGp/G  is  the  relative  sain  shift  of  the 
receiver  in  one  period  (25.6s) 

Conclusion  and  acknowledsment 

Foul — channel  5nun  TS  radiometers  have  been  desisned  and  will  be  applied 
to  remote  sense  the  atompheric  vertical  temperature  distribution  on 
sa tel  1  its. From  the  test  results  the  TS  radiometer  is  realistic  and  can 
be  used  in  any  other  microwave  radiometers. 

The  authers  ar  i  very  thinkful  to  Mr.  Shens  YiJian.Mrs.  Limins,  Mr. Rons 
Yahe  and  Mr.Laj  Xuansao  who  have  attended  the  work. 
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Since  the  terrestrial  atmosphere  exhibits  poor  transmission  for  far-infrared  and  submillimeter  radiation, 
relatively  few  observations  of  astronomical  objects  exist  in  this  wavelength  range.  Reliable  observations 
have  to  be  performed  from  satellites,  rockets,  stratospheric  balloon  gondolas  or  aircraft.  Far-infrared 
astronomy  provides  important  information  on  star  formation  in  molecular  clouds.  During  the  contraction  of 
a  protostdlar  cloud  into  a  massive  main-sequence  star  most  of  the  energy  is  emitted  in  the  far-infrared 
wavelength  range.  For  the  observadon  of  the  galactic  Cygnus-X  region,  which  contains  many  active  star- 
forming  clouds,  a  60  cm  diameter  far-infrared  balloon-borne  telescope  (Fig.  1)  has  been  developed  at  ETH 
Zurich  in  collaboration  with  the  Geneva  Observatory  [1-3].  Its  design  is  based  on  similar  balloon-borne 
telescopes  built  by  the  authors  for  successful  far-inffared  solar  spectroscopy  [4]  and  imaging  [5].  The 
Cassegrain-type  telescope  is  equipped  with  secondary-mirror  chopping  and  an  attached  photometer 
including  a  liquid  helium  cooled  silicon  bolometer  with  an  NEP  of  1.310'’'^  W/Hzl/2  and  three  mesh 
bandpass  filters.  The  latter  are  centered  at  the  waveiengtlis  80  pm,  130  |im  and  310  pm  with  bandwidths  of 
only  ±  3  pm,  ±  3  pm  and  ±  15  pm,  respectively.  These  bandwidths  arc  the  smallest  ever  used  in  flown 
as  trophy  sical  photometers.  For  comparison  we  show  in  Fig.  2  the  spectral  transmissions  of  these  3  filters 
with  those  used  by  the  Infrared  Astronomical  Satellite  (IRAS)  [6]  which  performed  a  complete  far-infrared 
survey  of  the  sky  in  1983.  The  pointing  accuracy  of  the  stabilized  telescope  is  ±  17  arcsec  with  a  stability  of 
typically  3  arcsec  RMS. 

Observations  have  been  performed  during  5  hours  on  the  occasion  of  a  flight  with  a  380'000  m^ 
stratospheric  balloon  at  a  height  of  39  km  at  Aire/Adour.  France,  on  September  26/27,  1990.  Successful 
measurements  have  been  made  on  the  dust  emission  of  the  molecular  could  complexes  DR21/W75N  and 
S106  at  80  pm  and  130  pm  wavelength  as  well  as  on  .Mars  at  all  wavelengths  mentioned  above  [1-31. 
Because  of  the  considerably  smaller  bandwidths  of  our  filters  our  measured  intensity  contour  maps  are  of 
higher  quality  than  those  performed  by  the  IRAS  satellite  in  spite  of  the  fact  that  the  60  cm  IRAS  telescope 
was  operated  at  a  temperature  of  3  K  in  comparison  to  250  K  of  our  telescope.  An  example  of  such  a 
spectral  intensity  map  is  shown  in  Fig.  3.  On  the  basis  of  the  80  pm  and  130  pm  data  dust  colour 
temperatures  of  36  ±2K  for  DR21,  34±4K  for  W75N  and  45±6K  for  S106  have  been  calculated. 
Furthermore,  peak-intensities  and  total  luminosities  for  the  different  sources  have  been  determined  and 
compared  with  the  results  of  other  authors. 

The  next  flight  of  our  telescope  for  far-infrared  imaging  of  the  Cygnus  region  should  take  place  in  April 
1992  with  a  new  broadband  filter  which  has  a  bandpass  between  225  pm  and  295  pm  wavelengtL 
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Comparison  of  spectral  filters  used  by  the  IRAS  satellite  [6]  and  by  the  ETH  Zurich  /  Geneva 
Observatory  balloon-borne  telescope  [1-3] 


Fig.  3  130  nm  image  of  Cygnus  DR21AV75N  taken  by  ETH  Zurich  /  Geneva  Observatory 

balloon-borne  telescope  on  Sept.  26/27, 1990 


•  52  • 


T1.5 


5mm  mCROUIAVE  RADIOMETER  SCANNING  ANTENNA 
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ABSTRACT 

The  paper  presents  the  design  and  the  test  results  of  5mm  offset 
paraboloidal  scanning  antenna  for  spaceborne  microwave  rad iometer* wh ich 
includes  four  frequencies:  50-3GHz*53-74GHz*5d-96GHz»and  57.95GHz-A  90“ 
offset  paraboloidal  reflector  fed  by  corrugated  conical  horn  is  used 
to  get  360  “circular  scanning  and  high  beam  efficiency-  The  test  main 
beam  efficiencies  are  approximately  97  percent- The  antenna  is  feasible* 
especially  in  spaceborne  remote  sensing  - 

INTRODUCTION 

The  5mm  spaceborne  microwave  radiometer  is  an  useful  instrument  in 
remote  sensing  to  measure  Profile  of  the  atmospheric  temperature*  using 
in  the  oxygen  resonance  band<50-60GHz)  -It  has  the  all-weather  ability- 
An  antenna  is  required  with  mu  It i -frequency*  dual  < I inear>Polar izat ion* 
high  beam  efficiency  and  fast  scanning-  A  90“  offset  paraboloidal 
scanning  antenna  fed  by  corrugated  conical  horn  with  a  orthogona I -mode 
coupler  is  developed-  That  antenna  system  has  advantages:  simple* 
lightweight-  It  has  no  high  frequency  rotating  joint-  Thus  the  fine 
electrical  performances  are  easy  ot  access- 

THE  GENERAL  PRINCIPLE 

The  configuration  of  the  antenna  is  shown  in  Fig-  1-  That  includes  a 
offset  paraboloidal  reflector*  a  corrugated  rcnical  horn  feed*  a 
orthogona I -mode  coupler  and  a  scanner.  The  90  “  oi  set  reflector  is  used 
to  avoid  deterioration  of  sidelobe  level  and  VSUR*  and  to  achieve 
scannig  -  The  corrugated  conical  horn  is  used  to  improve  antenna  beam 
efficiency  and  to  reduce  spillover-  The  orthogona 1 -mode  coupler  is  used 
to  seParat  two  orthogona 1 -components  received  by  the  antenna*  and  to 
couple  them  into  one  of  receivers  respectively-  A  mechanical  scanning 
device  is  used  -The  feed  horn  is  fixed  on  the  inner  circle  of  a  bearing 
and  the  reflector  is  fixed  on  the  outer  lane  of  the  bearing-  The  inner 
circle  is  fixed  and  the  outer  lane  is  rotated  round  axis  of  the  horn  by 
a  motor. In  the  spaceborne  remote  sensing*the  360“  cyclical  scanning  of 
the  antenna  beam  is  in  the 

perpendicular  Plane  to  the 

spaceborne  velocity  vector- In  the 
each  scannig  Periodic*  the 

radiometer  gets  several 

instaneous  fields  of  view  (IFOV) 
and  two  calibration  fields  of 

view*  one  for  cold  sky  and  the 

other  for  warm  blackbody- 

Fig-1  The  configuration  of  the  antenna 
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1.  offset  reflector  2. corrugated  horn 
3.  orthogona 1-aode  coupler  4. scanner 


THE  MAIN  POINTS  OF  DESIGN 


1-  The  Design  of  Offset-parabol ic  Reflector 

The  geometry  of  the  s i ng le-of fset -parabol i c  is  shown  in  Fig.  2-  The 
basic  parameters  of  the  reflector  are  obtained  by  the  simple  geometry 
relat ionsh ip'> the  focal  length  F  of  the  Paraboloid: 


d  <  Cos  0  «  +Cos0*> 


where 


F 


4  Sin  0  * 


0s  - the  Offset  angle 

0  ■*■ - the  half  angle  subtended  at 

the  focus  by  feed  on  the  reflector  rim 

d - the  diameter  of  the  projected 

aperture  of  the  offset  reflector-  It 
can  be  gaven  as  follows: 


X 


^  ^  ^  ii4e  vit* 


d  =  B  -  <2> 

0  — ada 

where  Fig. 2  Geometry  of  the  reflector 

X - the  oprating  wavelength 

0 -ada - the  half  power  beamuidth 

B - the  parameter  on  field  distribution  of  the  antenna  aperture- 

The  half  power  beamwidth  is  determ inded  by  the  desirable  resolution  at 
nadir. The  cross -po 1 ar izat ion  is  increased  with  the  offset  angle-  Usally 
the  large  offset  angle  is  not  used.  However  becur.e  of  the  particular 
scanning  requirements  the  90°  offset  angle  have  to  be  used-  To  reduce 
the  cross-polar izat ion»  a  small  illuminate  half  angle  0*  is  used  and 
a  suitable  taper  level  at  the  edge  of  the  reflector  is  used- 


2-  The  Design  of  The  Corrugated  Conical  Horn 
The  radiation  pattern  characteristics  of  a 
corrugated  conical  horn  can  be  normalized 
conventently  by  using  the  dimensionless 
Parameter  A  in  wave  1 engths *(F i g- 3) ; 

0  r 

A=a  tan< —  >  (3> 

2 


Fig. 3  Geometry  of  the  corrugated  horn 


In  this  design^  the  small  flage-angle  horn  is  used-  It  is  desirable  for 
the  radiometer  antenna  applications  to  have  0-2  to  obtained  high 
beam  efficiencies-  If  a  higher  be^  efficiency  is  required  t  A  must  be 
reduced*  which  requires  the  horn  half  flage-angle  to  be  reduced  and  the 
horn  length  to  be  increased  by  a  corresponding  amount- 

3-  The  Main  Beam  Efficiency 

The  main  beam  efficiency*  described  by  a ro*  is  defined  as  the  ratio  of 
the  radiating  power  in  the  main  beam  Qm  to  the  total  radiating  Power - 
am  is  given  as  following: 


J*  fl.  P<  Q  >d£2 

am=  -  <d) 

To*  P<  £2  )d  Q 


The  main  beam  efficiency  means  that  when  the  Cm  is  constant*the  larger 
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a. Elevation  plane  patterns. 


b.Aziauth  plane  patterns. 


Fig. 5  Test  radiation  patterns  at  50-3^  53.7d.  54-96  and 
57.95GHz  for  offset  reflector  with  corrugated  horn  feed- 


the  am  is^  the  more  concentrated  the  antenna  energy  is  and  the  lower 
the  side lobe  level  is>  or^  the  lower  the  noise  temperature  is  -  The 
measurement  main  beam  efficiency  is  given  by  integrating  of  the  antenna 
pattern  data  got  i n  measurement  - 

THE  DESIGN  EXOMPLE  AND  THE  TEST  RESULTS 

The  5mm  microwave  radiometer  scanning  antenna  is  developed-  The  offset 
Parabolic  reflector  has  a  diameter  D  of  72mm  and  a  offset  angle 0«  of 
90“  .  The  feed  horn  has  a  semi-flage  angle  of  a.7  “  >  covered  four 
f requenc i es <  50.3GHz»53.7d6H2^ 5d.96GH2>57.95GH2)-The  feed  horn  provides 
a  taper  of  approximately  20  dB  at  the  edge  of  the  reflector  and  has  low 
sidelobes>  low  sp i I lover>h igh  beam  ef f i c i enc i es^ and  similar  patterns  of 
the  E-  and  H-  plane  (shown  in  Fig-d). 

50.302  53.74Gte  54.9QQfe 


H-plane.  E-plane 


Fig.  4  Test  radiation  pattens  for  corrugated  conical  horn. 

A  good  impedance  match  at  the  throat  is  obtaind  when  two  tapers  are 
made  between  the  Input  waveguide  and  the  corrugated  horn  aperture  .•  One 
is  a  smooth  taper  and  the  second  is  t.  e  slot  depth  taper  .  The  antenna 
combination  gives  a  VSUIR  of  less  than  1-15  at  four  frequenc  ies -The  test 
second  radiation  patterns  for  both  vertical  and  horizontal  Polarization 
shown  in  Fig.  5-  These  patterns  shown;  The  patterns  at  four  frequencies 
are  very  similar. The  all  of  patterns  beamwidths  are  approximately  6.0“ 
Nearly  all  sidetobe  level  are  more  than  30  dB  below  the  peak-  The  main 
beam  efficiency  at  each  frequency  is  about  97  Percent- 

CONCLUSION  AND  ACKNQULEDGMENT 

5mm  offset  reflector  scanmg  antenna  has  been  designed^  the  test  result 
is  satisfactory-  It  will  be  applied  to  spaceborne  microwave  radiometer^ 
also  can  be  used  in  other  s  i  m  i  lar‘-aremote  senser. 

The  authors  are  very  thankful  to  Prof-  Lu  Mingr-»  Prof-  Wang  Yifei^Mr. 
Zhang  Shichang*  Nr-  Gao  Xuanzheng^  Nr-Zhong  ymg  and  the  members  of  the 
task  who  have  attended  the  work- 

REFERENCES 

1.  A.y.Rudge>  K-Ni lne»  A-D-Olver  and  P.Knight»  The  Handbook  of  Antenna 
Design*  Vol-1*  Peter  Peregrinus  Ltd-*  London*  UK<1982>*  205*219*360 
and  367- 


S6 


COKRKLATIDM  HKFLBCTOIlKTHy  VIA  STOCHASTIC  MOIBK  SIGHALS. 


V.S.Koroaneljov,  K.A.Lukln,  O.S  Pavlichonko, 

R.O.Pavlichenko,  V,A.Hakityib.iaky,  V.P.Sheatdpalov. 

institute  of  Physics  and  Technology 
Institute  of  Badiophysica  and  ELectronica 
of  Ukrainian  Academy  of  Science,  Kharkov,  Ukraine 

Llhttoduction 

Main  problems  of  microwave  reflectometry  using  measurement  of  phase 
delay  of  reflected  wave  -  density  fluctuations  and  trapped  modes  in  the 
oversized  waveguide  transmission  systems  -  still  need  solution.  An 
alternative  approach  which  la  discussed  now  -  to  use  the  pulse  radar 
reflectometry  and  time  of  flight  measurement  [1].  The  difficulty  of 
this  approach  -  the  need  of  ultra  short  (<ln3)  microwave  pulses  -  was 
successfully  overcome  [2]. 

In  this  report  we  discuss  a  new  approach  [3]  to  reflectometry 
technique  -  use  of  stationary  wide-hand  noise  microwave  signals  and 
correlation  technique  for  measurements  of  plasma  cut-off  layer 
position.  The  key  components  of  this  scheme  are  the  microwave 
oscillator  producing  wide-hand  stochastic  noise  signal  (F=35GHz. 

FSlGHz,  PilW)  C4,5]  and  controlled  PIN-diode  delay  line.  The  necessary 
calculations  were  done  for  the  upper  X-mode  reflectometry  for  two 
devices:  "Uragan-2M"  torsatron  (Kharkov  Institute  of  Physics  and 
Technology)  and  ITER.  The  principed  layout  and  parameters  of  the  noise 
correlation  reflectometer  (NCR)  which  is  being  developed  for  U-2M 
torsatron  in  the  Institute  of  Radiophysics  and  Electronics  of  the 
Ukrstian  Academy  of  Science  (Kharkov ,IRE)  are  described. 

2.  Auto-  and  cross -correlation  functions  of  stochastic  microwave 
signals  reflected  in  a  plasma. 

Stochastic  microwave  signal  propagation  in  a  plasma  was  modeled  by 
means  of  a  numerical  code  NOISIM.  The  input  block  of  code  was 
generating  a  stationary  random  function  describing  a  time  behavior  of 
stochastic  microwave  signal  amplitude.  Second  block  was  producing  a 
random  function  with  the  frequency  band  corresponding  to  that  of  the 
NOISE  BWO  developed  in  IRE  and  described  a  time  behavior  of  probing 
microwave  signal  amplitude.  Then  for  each  Fourier  component  of  micro- 
wave  signal  with  a  frequency  corresponding  to  that  of  the  upper  X-mode 
the  phase  delay  was  calculated  and  reflected  signed  time  behavior  was 
obtained  by  means  of  inverse  FFT.  Finally  auto-  and  cross-  correlation 
functions  of  input  and  output  signals  were  cedculated. 

Plasma  parameters  needed  for  microwave  propagation  studies  (electron 
density  and  magnetic  field)  were  calculated  by  means  of  numericaCL  codes 


deacrihins  2D  plasma  equilibrium  for  tokamak  vftth  a  double-null 
diverter  (EQUT)  and  stellarator  (EQUS).  The  calculations  were  done  for 
ITER  Standard  Case  (B=4.85T.  J=22kA,  n(0)=l»10^'^cm~^,/?^=0.6,  1^=0.65) 
and  U-2M  Standard  Case  (B=2.4T.n(0)=l»10^"cm"^.  L  {0)=0.24.Z,  (a)=0.47). 

The  analysis  of  the  auto-correlation  functions  for  input  and  output 
signals  and  cross-correlation  one  for  input  and  output  signals  for 
"U-2M"  UX-mode  reflectometry  shows  that  the  auro-correlations  functions 
of  input  and  output  signals  are  similar  and  their  half  width  is  equal 
to  2.5  ns  (inverse  of  frequency  band  width).  The  cross -correlation 
function  demonstrates  clearly  the  time  lag  of  the  noise  signal  in  a 
plasma.  The  time  lag  for  signals,  wMch  are  reflected  at  the  same 
distance  from  the  plasma  edge  (40  cm)  for  two  devices  with  a  different 
plasma  radius  (ITER-  2.15  cm,  U-2M-  0.3  m)  is  shown  on  Fig.l.  The 
analysis  of  the  time  lag  versus  the  cut-off  layer  distance  for  both 
experiments  which  was  obtained  by  the  probing  frequency  variation  shows 
a  strong  diminution  of  average  velocity  v  of  noise  signal  propagation 

r» 

in  a  plasma  (v  a  0.1c,  v  (u-2m>  s:  0.03c).  Tliis  give  grounds  for 

n  n 

nontrivial  and  encouraging  conclusion  ab^ut  comparatively  larger 
slowing-down  of  noise  microwave  signal  in  devices  of  lesser  size. 

Reason  of  this  phenomenon  is  a  considerable  decrease  of  a  wave  group 
velocity  only  in  a  region  adjacent  to  cut-off  layer.  Numeric 
calculations  using  code  NOISIM  allowed  to  evaluate  the  integration  time 
which  is  necessary  for  obtaining  of  acceptable  signal-to-noise  ratio. 
Frcx  such  calculations  one  can  make  a  conclusion  that  for  noise 
oscillator  with  a  noise  frequency  band  IF  ~  0.5  GHz  the  acceptable 
integration  time  is  of  order  of  10  ^J3.  Of  course  the  correlation 
technique  can  be  used  in  a  pulse  radar  reflectometry.  Unquestionable 
advantage  of  the  noise  oscillator  is  much  larger  (factor  of  30-50) 
output  detector  signal  at  equal  radar  oscillator  power  and  correlator 
detector  integration  time  (fig.2). 

3.  Noise  correlation  reflectometer  for  '■0ragan-2M"  torsatron 

The  noise  correlation  reflectometer  is  developed  now  in  IRE  for 
UX-moce  reflectometry  on  the  "Uragan-2M"  torsatron  .  Basically  the 
layout  of  the  reflectometer  repeats  the  homodyne  reflectometer  one: 
main  differences  are  the  noise  oscillator  and  controlled  delay  line. 

Delay  line  with  fixed  delay  uime  will  be  used  for  a  time  lag 
jompensation  in  waveguides  between  oscillator  and  antenna.  The 
controlled  delay  line  have  to  provide  a  variable  time  lag  corresponding 
to  that  in  "Uragan-2M"  plasma. 

The  noise  oscillator  is  a  source  of  stationary  random  signals  of 
middle  power  (2-10  W)  in  the  K  -band.  Operating  principle  of  oscillator 

O 


is  based  on  the  effect  of  dynamical  stochastlsation  of  0-type  backward 
wave  tube  oscillations  due  to  nonlinear  interaction  between  electron 
beam  and  longitudinal  electric  field  of  an  intensive  surface  EM  wave 
field  of  slow-wave  structure.  Stable  generation  and  electron  retuning 
of  carrying  frequency  of  stochastic  oscillation  spectrum  is  provided  by 
use  of  wide  band  weaLkly  resonant  oscillatory  system.  Such  generators 
adloM  to  obtain  stochastic  signals  in  the  frequency  range  of  30-100  GHz 
with  the  noise  band  0.3-1. 5  GHz  and  power  of  10-0.5  W.  Now  the  noise 
generators  iii  the  frequency  band  of  34-64  GHz  with  the  noise  band  of 
0.3-1  GHz  and  output  power  of  5-1  W  are  manufactured  in  the  IRE. 

The  microwave  controlled  delay  line  consists  of  a  set  of  short 
single-mode  waveguides  connected  to  each  other  via  FIN-dtode  switches 
providing  step-wise  change  of  time  lag  during  a  time  less  then  10  ns. 

Li  the  delay  line  which  is  being  developed  now  the  time  lag  step  is 
chosen  to  be  equal  of  0.1  ns  which  corresponds  for  U-2M  reflectometry 
the  cut-off  distance  shift  of  order  of  1  mm. 

4.Coocluslon. 

We  have  shown  that  the  stochastic  microwave  signals  can  be  used  in 
reflectometry  for  fusion  plasma.  Estimates  of  time  lag  ranges  for 
UX-mode  reflectometry  for  the  "Uragan-2M"  torsatron  and  experimental 
tokamak- reactor  ITER  are  made.  It  is  shown  that  the  noise  radar  and 
pulse  radar  can  be  used  for  measurement  of  cut-off  layer  position  even 
in  a  magnetic  traps  with  plasma  radius  of  20-30  cm.  The  accuracy  of 
cut-off  layer  position  measurement  is  increasing  in  a  large  tokamaks.  We 
hope  that  the  proof-of  principle  experiment  which  is  planned  now  for  the 
l;-2M  torsatron  will  reveal  a  possible  difficulties  which  are  not  seen 
usually  for  a  new  approach. 
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INVEESION  OF  RAIN  DISTRIBUTION  ALONG  EARTH-SPACE  PATH 
BY  UmOROLOGIC  RADAR  AND  SATELLITE 

Hu  Da-Zbug 

Qingdao  Research  Center  of  CRIRP 
33  Fu  Long  Shan,  Qingdao,  China  (266003). 

Abstract:  A  new  aetbod  on  inversion  of  rain  distribution  along  Earth-Space  path  bjf 
meteorologic  radar  and  satellite  is  given  in  this  paper.  A  inversed  recurrent  formula 
of  specific  attenuation  of  rain  is  derived  from  radar  equation  and  a  assume  of 
exponent  relation  between  specific  attenuation  of  rain  K  and  radar  reflectivity  Z, 
K=cZ**d.  Anoptifflum  solution  of  parameter  c  and  d  is  given  by  computer  .  Toe  combined 
system  of  713  meteorologic  radar  at  frequency  5.4  GHz  and  B5-2B  satellite  receiver  at 
frequency  12  GHz  are  described.  Data  of  experiment  and  results  of  rain  intensity  dis¬ 
tribution  along  Earth-Space  path  are  also  presented.  This  method  nay  be  applied  to 
improvement  for  recent  meteorologic  redar  with  one  frequency. 

1.  Introduction. 

There  are  considerable  error  by  conventional  meteorologic  radar,  because  they  need 
to  employ  data  of  radar  echo  to  determine  two  parameters  of  radar  reflectivity  and 
specific  attenuation  of  rain.  In  order  to  reduce  the  error,  a  double  frequency  meteo- 
rologic  radar  [2]  or  double  polarization  meteorologic  radar  [3]  are  refered.  Other 
method  of  radar-radiometer  is  presented  by  lu-lin  Cl],  but  the  method  is  not  right  in 
begger  rain,  because  radiometer  have  not  high  distinguish  at  bigger  rain.  Here  a  new 
method  of  radar-satellite  is  presented  and  its  employment  is  not  restricd  by  case  of 
begger  rain,  for  used  when  begger  rain. 

2.  Principle  of  inversion  of  rain  distribution  by  radar-satellite. 

In  the  method  of  r?dar-satellite,  both  antenna  of  radar  and  satellite  receiver  all 
point  to  direction  of  satellite  BS-2B  (see  Fig.(l)).  The  radar  echo  and  satellite 
signal  are  received,  simultaneously. 

In  general,  the  radar  echo  P(r)  is  given  by  following  radar  equation  : 

Ca  / 

P(r)=  -  Z(r)exp(-2  J  K(r')dr’)  (1) 

r* 

which 

jri  p  hG^iP  (m*-l)* 

-  (2) 

1024  Ln2  A*  (m^+2)* 

where  r  is  a  distance  between  radar  and  atmospheric  precipitation  (such  as  rain, 
cloud,  snow  and  and  fog  and  so  on);  Z(r)  are  radar  reflectivity  from  atmospheric  pre¬ 
cipitation;  K(r)  are  specific  attenuation  of  rain;  P  is  peak  power  of  transmit;  h 
is  a  special  length  of  transmit  pulse;  G  is  antenna  gain;  d  ,  f  are  half -power-bean 
width  of  radar  antenna  at  vertical  and  horizon  plane,  respectively.  The  parameter  of 
m  i<;  complex  index  of  refractivity  of  rain  water.  In  equation  (1),  the  radar  echo 
inteasity  depend  on  both  radar  reflectivity  and  the  specific  attenuation  of  rain  alo¬ 
ng  Earth-Space  path.  Because  both  radar  reflectivity  and  specific  attenuation  of  rain 
are  determined  by  raindrop  size  distribution  and  rain  type,  they  have  some  inner  rc- 
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latioa.  Xn  order  to  siaplity  problem,  a  exponent  relation  between  radar  reflectivity 
and  apecific  attenuation  of  rain  is  assuaed  as  : 

K  »  cZ^  (3) 

where  coefficient  of  c  and  d  are  deterained  by  experiaent. 

The  space  distribution  of  rainfall  intensity  are  assuaed  fora  rl  to  rn-^1  (see  Fig.l 
).  In  the  range  fora  rito  ri+1  the  rainfall  intensity  is  Ri.  Substituted  eq.(3)  into 
eq. (1) ,  the  specific  attenuation  of  rain  K  is  represented  by  aeasured  value  of  radar 
echo  P(r  ),  i=1.2,...,o  and  value  of  paraaents  c  and  d  as  the  following  recurrent 
equational  set: 

2 

P(rl)rl  d 

K1  *  c  [ - ] 

Ca 

2 

P(r2)r2  2Kl<r2-rl)  d 

K2  »  c  [ - e  ] 

Ca 


2 

P(rn)rn  2  I  K  (ri+l-ri)  d 

Kn  »  c  f - e  ]  (4) 

Ca 

Because  both  antennas  of  radar  and  satellite  receiver  all  point  to  same  direction,  the 
satellite  attenuation  of  rain  can  wrote  as 


A(dB)  =  X  Ki(r.  -r^)  (5) 

i*! 


The  equations  of  (4)  and  (5)  are  a  contradictory  equation  set,  which  have  n-tl  equa¬ 
tions  and  have  n+2  unknown  numbels  (They  are  the  parameters  of  c,  d  and  Ki,  i=l,2,... 
,n) .  In  order  to  solute  the  contradictory  equations,  a  optimum  solution  method  is 
presented  below  section.  After  soluting  the  specific  attenuation  of  rain  K  ,  the  rain 
intensity  can  be  soluted  by  Olsen  formula  [4]  as: 
b 

K  »  aR  (6) 

where  coefficients  a  and  b  are  depended  by  the  operate  frequency  and  raindrop  size 
distribution.  For  famous  M-P  model  of  raindrop  size  distribution,  a=0. 00213  and 
b=1.209  at  frequency  of  5.4  GHz.  If  both  radar  frequency  fl  and  satellite  frequency 
f2  is  not  same,  a  formula  of  scala  frequency  can  be  used  by  CCIR  [5]  as: 

A2  *  Al*G(f2>/G(fl)  (7) 

where 

1.72  -7  3.44 

G{f)  =  f  /(1+3*10  f  ) 

where  A1  and  A2  are  specific  attenuation  of  rain  at  frequencies  fl  and  f2,  respecti¬ 
vely. 

3.  Optimum  solution  of  parameters  c  and  d 

Based  on  empirical  relation  between  radar  reflectivity  Z  and  rain  intensity  R, 
Z=200R** (1.6)  and  Olsen  formula  eq.(6),  the  typical  value  of  parameters  c  and  d  is  as 
c=0. 00004  and  d=0.75,  the  range  of  parameter  c  is  from  10**{-7)  to  10**(-4)  and  the 
range  of  parameter  d  is  from  0.6  to  1.2.  In  order  to  find  the  optimum  solution  of  par¬ 
ameters  c  and  d,  a  objective  function  is  introduced  as: 
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(8) 


Q  =  [A-  J 
i=l 

where  A  is  neasured  attenuation  of  rain  by  satellite  receiver.  If  both  frequency  of 
radar  and  frequency  of  satellite  are  not  same,  the  value  of  rain  attenuation  of  radar 
is  scaled  by  equation  (7}.  Under  sum  sign  the  term  of  Xi(rt«.|  )  is  represent  as 
the  predictive  value  of  rain  attenuation. 

A  program  figure  of  the  optimum  solution  of  rain  intensity  distribution  is  shown 
in  the  Fig. (2) .  There  are  two  compared  ring  to  approach  true  value  of  parameters  c 
and  d.  One  ring  is  used  to  find  the  optimum  parament  of  d  with  step  length  ad, 
when  fixed  parameter  of  c  {c=10** (-4) ) ,  where  d«10»*(-J),  the  range  of{-J)  from  (-1) 
to  (-4)  (corre-  spending  to  accuracy  with  10** (-4)  ).  Other  ring  is  used  to  find  the 
optimum  parameter  of  c  whth  step  ^  c,  when  the  parameter  of  d  is  fixed  as  optimum 
value  soluted  by  above  ring,  where  c=10**(-m),  the  range  of  (-m)  from  (-7)  to  (-11) 
{corresponding  to  accuracy  with  10*»(-12)J.  Each  ring  includes  a  lot  of  compa*-''  pro¬ 
cess,  which  found  two  values  of  Q  (corresponding  to  parameters  c  and  d)  and  Q' (corre¬ 

sponding  to  parameters  of  c'  and  d')  by  equation  (8),  then  compared  two  Q  and  Q',  the 
smaller  value  of  Q  (or  Q’)  is  as  new  initial  value  of  Q.  Similizing  above  process, 
chose  a  new  parameter  of  c’  (or  d'),  with  some  step  length  of  c  (or  d) ,  uptil  to 

find  the  optimum  value  of  c  (or  d) ,  which  corresponding  to  a  minimum  value  of  Q.  Ba¬ 

sed  on  this  optimum  parameters  of  c  and  d,  the  value  of  specific  attenuation  of  rain 

K  by  equation  (3)  are  found.  Finally,  The  rain  intensity  distribution  are  soluted 
by  optimum  value  of  K  by  formula  (6). 

4  .  Experimental  system 

The  experimental  system  is  shown  in  the  Fig.l.  Both  antennas  of  radar  and  satellite 
are  co-sited  and  pointed  to  direction  of  satellite  BS-2B.  After  the  data  of  radar 
and  satellite  receiver  are  collected,  they  are  passed  a  conversion  A/D  and  entered 
into  a  computer  of  IBH-PC/XT.  The  equipment  is  established  in  Qingdao  of  China,  where 
longitude  is  £  120*19',  the  latitude  is  N  34*4’  high  of  sea  level  is  114  m,  the 
azimuth  is  179*52'  and  elevation  is  46*44’.  The  parameters  of  radar  and  satellite  are 
shown  in  the  Table  1.  Substitute  radar  parameters  into  eq.  (2)  ,  the  parameter  of 
Ca=l. 91*10**  (-11)  (mw  jtm^m:* /mm‘) . 

Table  1.  The  paraments  of  radar 
and  satellite. 


Fig.  1  Experimental  system. 


Radar  I  Satellite 


1  Frequency  f=5.4  GHz {Frequency  f=12  GHz 
■  Pea);  transmit  power  {Transmit  power 
{  P*2601CV  {  P=100W 

{Pulse  duration  h*ls{ Longitude  of  BS-2B 
'Antenna  size  D=3.8m{  £  110 

{Antenna  gain  G=:38dB {Antenna  Gain 
{Bean  width  »  -1.2{  G=53dB 

IMin.  detectable  {Antenna  size 
{  -107mv{  D=5  m 


W-aB 


5.  Data  and  results 

Typical  data  of  radar  echo  and  satellite  attenuation  of  rain  at  July  31,  1986  in 
Qingdao  are  shown  in  table  2  and  Fig.  3.  There  are  data  of  three  sets  ,  which  repre- 
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Fig.  2.  Tbe  pcogran  of  optiaa  aoluticn 
of  rain  distuibuticn  by  radar-satellite 


sented  three  kind  of  rain:  begger,  niddle  and  small  rainfall.  The  results  of  parame¬ 
ters  of  sec,  d  and  Q  are  listed  in  the  Table  2.  The  results  of  rain  intensity  dis¬ 
tribution  R(r),  radar  reflectivity  distribution  Hr),  specific  attenuation  of  rain 
K(r)  and  radar  echo  P{r)  are  shown  in  the  Fig-  3.  The  paraments  of  c  and  d  are  very 
close  value  given  by  Joss,  where  c=3.15*10**(“4)  and  d=0.732  [6].  Results  of  mean 
square  error  Q  are  smaller  than  0.1  dB  from  Tab.  2,  it  is  shown  that  the  method  of 
radar-satellite  is  available. 


Table  2.  Typical  rain 


I 

Time  !Kind  of 
■Rainfall 

1  Results  of  inversion  1 

1  — 

1  c  Id 

1  Q  i 

1  -  f 

i 

22: 36! Heavy  Rain 

5.0  i7.90*10**(-5) 10.791 

1  1 
i.0966  1 

22: 431 Mid.  Rain 

3.0  11. 79*10**{-4) 10.691 

! .00738! 

22:52 {Small  Rain 

1.3  !1.79*10**{-4) 10.691 

t. 00028! 

6 .  Conclusions 

This  paper  has  present  a  new  method  for  measured  rainfall  intensity  along  Earth- 
Space  path.  In  improving  measured  method  by  single  frequency  radar, it  has  three 
areas: 

(1)  .  It  can  determines  the  radar  refrectivity,  the  specific  attenuation  of  rain  and 
rainfall  intensity  on  Earth-Space  path.  It  has  the  problem  of  measured  principle  by 
single  frequency  radar,  which  need  assume  the  factor  of  specific  attenuation  of  rain 
are  very  smaller  and  neglectful  . 

(2) .  It  is  not  necessary  to  measure  the  radar  parameters  of  Ca,  which  includes  the 
radar  transmit  power,  antenna  gain,  been  width,  because  a  new  parameter  c/Ca  represe- 
ntes  the  paraments  of  Ca  in  the  eq(4)  ,  here  the  paraments  c/Ca  is  found  hy  optimum 
method. 

(3) .  The  radar-satellite  method  is  available  for  any  kind  of  rain,  because  the  rain 
is  heavy,  distinguish  of  measured  attenuation  is  good,  but  the  radar-radiometer  me¬ 
thod  is  not  available  when  heavy  rain,  because  distinguish  of  measured  temparetrue 
by  radiometer  is  not  high  when  heavy  rain. 
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CORRELATION  OF  CLOUDINESS  AND  RAIN  COMPONENTS  OF  MILLIMETER 

RADIO  WAVE  ATTENUATION  IN  HYDROMETEOROLOGICAL  FORMATIONS 

IN  THE  TROPOSPHERE 

V.  V.  stroganov 

Radiophysical  Research  Institute 
Nizhny  Novgorod  603600,  Russia 

Measurements  by  the  method  of  remote  radio  sounding  in  the 
spaced  points  of  zenith  attenuation  at  4,8,13.5  and  30  mm 
wavelengths  in  the  troposphere  with  clouds  and  rain  show  that 
times  and  distances  of  correlations  of  these  attenuations  are  in 
the  3-35  minute  intervals  and  2-20  km,  respectively, 
independently  on  the  rain  intensity. 

Measurements  show  that  cloudiness  and  rain  components  of 
attenuation  are  badly  correlated  between  each  other.  If  falling 
rains  are  strictly  connected  with  regions  of  cloudiness,  the  rain 
drops  on  the  zenith  path  appeared  to  be  fallen  from  different 
regions  of  a  moving  cloud  that  makes  the  rain  structure  the 
oblique-stratified  character.  Taking  into  account  that 
velocities  of  the  drops  falling  differ  on  the  average  by  a  number 
of  two  for  mizzly  rains  and  pouring  ones,  it  should  be  expected 
that  the  time  of  attenuation  correlation  in  mizzly  rain  will 
exceed  that  of  a  strong  pouring  rain  (with  similar  wind 
velocity) . 

The  role  of  rain  in  the  attenuation  of  millimeter  waves 
increases  relative  to  the  cloud  with  an  increase  of  the 
wavelength  in  strong  pouring  rains  but  drops  in  mizzly  rains. 
This  is  confirmed  by  the  correlation  of  the  rain  intensity  with 
attenuation  at  different  wavelengths.  For  mizzly  rains,  the 
coefficient  of  the  intensity  correlation  with  attenuation 
increases  with  decrease  of  the  wavelength.  The  inverse  is 
observed  in  a  strong  pouring  rain  (30  +  70  mm/hr.);  the 

coefficient  of  the  intensity  correlation  with  attenuation  drops 
with  the  wavelength  decrease.  Here,  the  time  of  correlation  is 
changed  that  testifies  to  the  fact  that  times  of  attenuation 
correlation  of  millimeter  wavelengths  in  the  rain  and  cloudiness 
parts  are  different. 

For  a  pouring  rain  (Fig.  1),  the  autocorrelation  functions 
of  the  rain  intensity  and  30  mm  wavelength  attenuation  (curves 
4  and  3,  respectively)  coincide.  This  is  explained  by  the  fact 
that  a  contribution  of  a  cloud  into  the  30  mm  wave  attenuation  in 
strong  pouring  rains  is  small  in  comparison  to  that  of  the  rain. 
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It  is  evident  that  time  of  correlation  found  over  these  two 
curves  are  due  to  the  rain  and  can  be  considered  the  tine  of 
correlation  of  the  rain  component  of  nillimeter  wave  attenuation. 

Curves  in  Figure  1  (1  and  2)  are  the  correlation  of  4  and  8 
mm  wave  attenuation  and  the  autocorrelation  of  one  of  them. 
Curves  are  also  practically  coincided,  but  the  of 
correlation  found  exceeds  twice  the  time  of  coxrrelatio..  found 
from  the  first  two  curves.  It  can  be  explained  by  the  role  of 
cloudiness  only.  Tine  of  correlation  of  millimeter  radio  wave 
attenuation  in  cloudiness  part  in  case  of  a  strong  pouring  rain 
is  larger  (in  the  given  case  by  two  times)  than  the  time  of 
correlation  of  attenuations  in  the  rain  part. 

It  is  on  the  contrary  for  nizzly  rain  (Fig.  2).  The  time  of 
correlation  of  4  mm  wave  two  times  smaller  than  that  of  the  rain 
intensity  of  autocorrelation  (curves  1,2,  respectively).  From 
here  it  follows  that  the  time  of  correlation  in  millimeter  radio 
wa's  attenuation  in  mizzly  rain  is  twice  as  large  as  the  time  of 
correlation  in  the  cloudiness  part  of  the  cloud-rain  system.  In 
particular,  it  explains  the  observed  double  saturation  of  the 
structural  functions  of  millimeter  wave  attenuation  in  clouds 
with  mizzly  rains  (the  first  saturation  is  due  to  cloudiness,  the 
second  is  due  to  rain.  The  time;-  of  saturation  is  two  to  three 
times  larger) .  The  differences  of  correlation  times  for 
millimeter  radio  wave  attanuation  in  the  rain  and  cloudiness 
components  of  hydrometeorological  formations  for  pouring  and 
mizzly  rains  denote  that  the  mean  dimensions  of  inhomogeneities 
of  strong  rain  (horizontal)  are  smaller  than  that  of  the 
cloudiness,  while  dimensions  of  inhomogeneities  of  mizzly  rain 
exceed  that  of  the  cloudiness. 
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RAIN  INDUCED  DEPOLARIZATION  AT  MILLIMETRE  AND 
SUB-MILLIMETRE  WAVES  IN  A  XI'AN  ENVIRONMENT 


Y.Yan 

(Xidian  University.  Xi'an,  710071,  China) 


ABSTRACT 

Ths  rainfall  rate  accumulative  distribution,  raindrop  size  distribution  and  raindrop  canting  angle 
distribution  in  Xi'an  have  been  obtained  using  the  least  square  method  from  the  data  measured  over 
a  long  period  of  time.The  rain  induced  depolarization  in  this  environment  has  been  studied.The 
cross  polarization  distrimination,  XPD,  was  computed  over  a  frequency  range  of  30  GHz  to  400 
GHz  for  non— spherical  drops.The  variations  of  XPD  with  frequency,  rainfall  rate  and  copolar 
attenuation,  CPA,  were  investigated  .A  mathematicl  relationship  was  established  between  the 
XPD  and  CPA,  raindrop  canting  angle.The  results  obtained  using  the  Xi'an  raindrop  size  distribu¬ 
tion  have  been  compared  with  those  assuming  the  Laws  and  Parsons  (L-P)  distribution.The  role  of 
multiple  scattering  also  has  been  discussed,  it  is  shown  that  the  multiple  scattering  play  an  impor¬ 
tant  part  in  short  millimetre  and  sub-millimetre  waves. 

INTRODUCTION 

The  ever  increasing  demand  for  high  capacity  radio  channels  has  led  to  the  use  of  orthogonal 
polarization  and  higher  frequency  range  in  order  to  increase  channel  capacity  without  the  attendant 
increase  in  bandwidth. Rainfall  is  a  major  impairment  to  radio  wave  propagation  at  millimetre  and 
sub— millimetre  waves.This  had  lead  to  the  interest  of  many  workers  in  the  study  of  rain  induced 
attenuation  and  depolarization  on  terrestrial  and  earth— space  communication  links.Tn  the  system 
using  orthogonal  polarizations,  it  becomes  necessary  to  model  the  true  shape  of  the  raindrop  as 
closely  as  possible  in  order  to  fully  study  the  effect  of  rainfall  on  the  electromagnetic  wave  propaga- 
tion.Consequently,  the  spheroidal  drop  shape  and  in  recent  times  the  Pruppacher— Pitter  drop 
shape  have  been  assumed  for  scattering  purp&ses.The  non— spherial  shape  results  in  differential 
attenuation  and  differential  phase  shift  of  the  orthogonal  polarizations,  thus  leading  to  further  sig¬ 
nal  degradation  in  the  form  of  depolarization. 

I  •  .landing  depolarization  properties  of  the  transmission  medium  is  of  crucial  importance  in 
planing  frequency  reuse  by  emploving  orthogonal  polarization  in  a  radio  communication 
system  .The  rain  induced  depolarization,  which  concurs  with  heavy  rain  attenuation,  is  determined 
by  locally  rainfall,  raindrop  size  distribution  and  raindrop  canting  angle  distribution.Tn  this 
paper,  rain  induced  depolarization  has  been  studied  using  the  Xi'an  raindrop  size  distribution  and 
raindrop  canting  angle  distribution.The  purpose  of  this  paper  is  to  assess  our  current  considering  of 
the  rain  induced  depolarization  at  millimetre  and  sub— millimetre  waves  and  to  discuss  the  relation¬ 
ship  between  the  XPD  and  CPA  and  the  role  of  multiple  scattering. 
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RAIN  MEDIUM  PARAMETER  IN  XI'AN  ENVIRONMENT 

In  order  to  study  rain  induced  depolarization  at  milliinetre  and  sub~^ilihnetre  waves,  it  is  necessa¬ 
ry  investigating  rainfall  rate,  raindrop  size  and  canting  angle  distribution. 

1.  Rainfall  Rate  Accumulation  Distribution 

The  equation  of  rainfall  rate  accumulative  distribution  is  obtained  using  the  least  square  method 
from  the  5— minute  data  measured  in  Xi'an  over  a  long  period  of  time(eleven  years). 

IA4JI 

0.001 694e  '  (1) 

where.  R  is  the  5-minuie  rainfall  rate  (mm  /  hr).  p{x>  R)  is  the  probability  exceeded  the  mean 
year  time  o.'  arising  rainfall  rate  R. 

2.  Raindrop  Size  Distribution 

In  the  Xi'an  area,  the  raindrop  data  have  been  measured  with  different  method,  in  different 
time,  different  climate  condition.Then.  the  equation  of  raindrop  size  distribution  has  been  ob¬ 
tained  using  the  least  square  method. 

»i(X))  =  5612.29ejcp(-3.74R'“'^)  (2) 

where.  D  is  the  diameter  of  raindrop  (mm).  n(D)  is  the  function  of  raindrop  size  distribution. The 
data  were.measrued  in  the  condition;  rainfall  rate  is  smaller  than  20  mm  /  hr. 


3.  Raindrop  Canting  Angle  Distribution 

The  equation  calculating  raindrop  canting  angle  distribution  has  been  obtained  using  the  least 
square  method  from  the  data  measrued  with  different  method, 

I 


P(0)  =  - 


-<»-•)’ /If’ 


(3) 


\  Ins 

where,  9  is  the  raindrop  canting  angle,  u  is  the  average  value  of  raindrop  canting  angle  which  has 
Gaussian  statistical  distribution,  s  is  the  standard  deviation,  p(6)  is  the  distribution  function  of 
raindrop  canting  angle.The  data  were  measrued  in  the  condition;  rainfall  rate  is  smaller  than  40 
mm  /  hr. 


CALCULATION  OF  RAIN  INDUCED  POLARIZATION 


In  frequency  reuse  system  employing  orthogonal  polarization,  the  interfering  crosstalk  between  the 
two  channels  through  depolarization  caused  by  raindrops  can  severely  restrict  the  utility  of  such  sys¬ 
tem,  The  degree  of  depolarization  may  be  represented  by  the  ratio  of  cross-polarized  to  copolarized 
signals  at  the  receiver. 

The  depolarization  effect  can  be  evaluated  in  terms  of  the  cross-polarization  discrimination 
XPDH,  XPDV,  where  H,  V  refer  to  horizontal  and  vertical  polarizations,  respectively.In  the 
condition  of  single  scattering,  the  cross  polarization  discrimination  is  given  by  (reference  1 ), 

m  H  -  (4) 

(v  —  k)sm2ue 

XPDf.  (5) 

(u  —  A)sin2ue  ~ 

where,  v-e  ’,  h  =  e~**\  kv  and  kh  are  propagation  constants  of  two  characteristic 
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polarization  of  waves  without  depolarizations.  repcctively.L  is  the  effective  distance  across  the  flat 
rain  region. 

The  variation  of  XPD  with  rainfall  rate  at  35GHz  and  300GHz  is  illustrated  in  figure  1  for  a  terres¬ 
trial  linlcs.Figure  2  show  the  variation  of  XPD  with  frequency  from  30GHz  to  400GHz. 


rainfall  rate.  frequency. 

VARIATION  OF  XPD  WITH  COPOLAR  ATTENUATION 


Measurement  of  copolar  attenuation  and  rainfall  rate  are  easier  than  that  of  cross  polarization  dis¬ 
crimination. Therefore,  it  is  interesting  to  have  a  formula  to  infer  XPD  with  the  peior  given  value  of 
CPA.Froming  the  equation  (1),  a  formula  of  computing  XPD  in  terms  of  CPA  can  be  represented 
as. 


XPD  =  CPA  -e^'^"'”)-20lg(tg2u) 


(6) 


Figure  3  shows  the  variation  of  XPD  with  CPA  at  34.8Ghz,  comparing  with  the  formula  to  com¬ 
pute  XPD  in  terms  of  CPA  suggested  by  CCTR  (reference  2).It  can  be  seen  that  the  result  of  equa¬ 
tion  (6)  is  more  in  agreement  with  the  measured  values  than  that  of  equation  suggested  by  CCTR. 

THE  ROLE  OF  MUI.TIPLE  SCATTERING 


As  the  operating  frequencies  of  communication  systems  more  higher  into  the  millimetre  wave 
region,  the  effect  of  multiple  scattering  in  precipitation  media  become  more  significani. Considering 
the  effect  of  multiple  scattering,  the  rain  induced  cross  polarization  discrimination  can  be  given  by 
(reference  3). 


XPDH  =  2Qlg- 


XPD  y  =  20/g- 


1  +  -/.)cos2«e-^’]nda 

*^5102146'^  -f^)nda 

K’  ~  \  4>  -  5  -  A ^  ]nda 


(7) 


L  •  ^sin2ae  ^  ~ 


(8) 


In 

K. ‘■'2 

where,  is  the  wave  number  in  free  space.  F ^  is  the  ratio  of  spherial  shape  to  total.  F  is  that  of 
the  non— spherial  shape,  fhand  fv  is  the  forward  scattering  coefTicien*  of  non— spherial  shape 

raindrop  to  horizontal  and  vertical  polarizations,  respertively.  a  is  the  radius  of  raindrop. 
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Figure  4  shows  the  comparison  of  multiple  scattering  and  single  scattering  at  frequencies  of 
34.8GHz.  94GH2  and  400Ghz,  respectivcly.lt  can  be  seen  that  the  role  of  multiple  scattering  in 
short  millimetre  and  sub—millimctre  band  become  more  significant. 


Fig  3  Variation  of  XPD  with  Fig  4  Comparison  of  multiple 


CPA  at  34.8Ghz.  and  single  scattering. 

CONCLUSION 

The  rain  induced  depolarization  in  a  Xi'an  environment  has  been  studied  over  a  frequency  range  of 
30GHz  to  4OOGH2  in  terms  of  cross  polarization  discrimination,  using  a  Xi'an  raindrop  size  distri¬ 
bution  and  raindrop  canting  angle  distribution  measured  with  different  method.  A  theoretical  re¬ 
lationship  of  computing  cross  polarization  discrimination  in  terms  of  copolar  attenuation  and  aver¬ 
age  canting  angle  of  the  raindrops  has  been  developed  for  terrestrial  links  in  millimetre  wave  band. It 
is  more  convenient  than  the  formula  to  compute  XPD  in  terms  of  CPA  suggested  by  CCIR.The  role 
of  multiple  scattering  has  been  discussed.Tt  is  shows  that  the  effect  of  multiple  scattering  play  an  im¬ 
portant  part  in  short  millimetre  and  sub-millimetre  oand. 
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MEASUREMENTS  OF  ATMOSPHERIC  ATTENUATION 
IN  THE  REGION  OF  300  GHz 

N-  I.  Furashov,  V.  Yu.  Katkov  and  B.  A.  sverdlov 
Radiophysical  Research  Institute 
Lyadov  Street  25/14 
Nishniy  Novgorod  603600,  Russia 

An  experimental  range  has  been  designed  to  study  interaction 
of  millimeter  and  submillimeter  wavelength  radiation  with  the 
near-ground  atmospheric  layer.  The  range  consists  of  a 
transmitter,  a  receiver,  and  a  1-km  maximum  path  length  one-way 
transmission  link  equipped  with  meteorological  instrumentation. 
The  transmitter  and  receiver  antennas  comprise  920-mm  diameter 
mirrors.  Backward  wave  oscillators  are  used  as  sources  of 
radiation  in  the  frequency  range  up  to  to  1000  GHz.  The 
transmitted  and  received  signals  are  recorded  by  pneumatic  or 
crystal  detectors. 

This  paper  presents  experimental  results  obtained  to  date  on 
molecular  absorption  by  water  vapor  at  260  and  340  GHz  as  well  as 
on  attenuation  by  hydrometers  at  260  GHz.  Measurements  were 
carried  out  at  the  1-km  path  length.  Stability  of  the  radio 
system  gain  estimated  by  analyzing  the  scatter  of  molecular 
absorption  data  and  their  reproducibility  in  the  similar  clear 
air  conditions  were  no  worse  than  ±  0.2  dB  at  260  GHz  and  ±  0.3 
dB  at  340  GHz,  during  a  few  months.  The  rapid  fluctuations  in 
the  received  signals  caused  by  atmospheric  turbulence  had  the  rms 
amplitudes  of  1-5%  and  the  spectral  widths  (at  half  maximum)  of 
0.3  -  5  Hz. 

Molecular  absorption  bv  water  vapor.  By  processing  jointly 
new  experimental  material  and  the  data  obtained  by  us  earlier  in 
laboratory  and  field  measurements,  a  semi-empirical  foirmula  has 
been  derived  for  the  atmospheric  absorption  coefficient  F  (in 
dB/km)  at  340  GHz: 


r  =  (0.107  ±  0.008)  10~^  e  P  (306/T)^*^ 
+  (0.012  ±  0.002)  e^  (306/T) 


where  e  and  P  are  partial  water  vapor  pressure  and  dry  air 
pressure,  respectively,  in  Torrs;  T  is  air  temperature  in  deg.  k, 
e  =  3-25  Torr,  T  =  269-306  K.  This  result  was  one  of  those  used 
to  calibrate  an  algorithm  for  computing  microwave  absorption  by 
water  vapor  (!}.  The  absorption  coefficient  values  of  0.7  to  4.4 
dB/km  measured  at  260  GHz  in  the  ranges  T  =  260-283K,  e  =  1.3-8. 8 
Torr  (relative  humidity  up  to  100%)  coincide  with  those  predicted 
by  the  method  [1]  within  the  experimental  uncertainties.  Nearly 
the  same  absorptions  at  260  and  340  GHz  are  given  by  the  model 
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[2]  that  predicts  essentially  different  (lower)  absorption  levels 
than  the  method  [1]  does  only  at  frequencies  below  approximately 
50  GHz. 


No  anomalies  of  the  kind  [3-5]  (extremely  high  temperature 
dependence  of  the  absorption  coefficient,  effect  of  sunlight  on 
the  absorption)  were  observed  at  the  measurement  frequencies. 

Attenuation  by  rain.  To  accurately  measure  the  water 
equivalent  precipitation  rate  R,  a  high  sensitivity  precipitation 
gauge  of  the  weighting  type  has  been  constructed.  The  gauge  has 
a  resolution  of  0.03  to  0.3  mm/h  and  a  precipitation  accumulation 
time  of  60  to  10s. 

The  measured  dependencies  of  the  attenuation  coefficient  r 
on  the  rain  rate  were  compared  with  those  calculated  for  various 
raindrop  size  distributions  in  [6].  As  waited,  the  comparison 
shows  significant  variability  of  size  distribution.  For  example, 
during  a  2.5-h  moderate  rain  accompanied  by  thunder  (R  <  20  mm/h) 
the  averaged  experimental  dependence  r(R)  corresponds  to  the  LP 
distribution.  At  the  same  time,  for  a  1.5-h  period  (R  <  8  mm/h) 
the  experimental  points  were  grouped  almost  continuously  in  time 
around  a  curve  calculated  for  the  J-T  distribution.  The  J-d 
distribution  was  found  to  be  most  appropriate  for  the  prediction 
of  attenuation  by  a  typical  autumn  light  rain  (R  <  1  mm/h) . 

Attenuation  bv  snowfall.  On  the  whole,  nine  snowfall  events 
have  been  studied.  In  four  cases,  falling  show  was  classified  as 
wet,  the  others  as  moist.  The  average  values  of  specific 
attenuation  were  2.3  dB/km  /  mm/h  for  moist  snow  (R  <  1.3  mm/h,  T 
=  -12  -  +0.3  C)  and  6  dB/km  /  mm/h  for  wet  snow  (R  <  0.8  mm/h,  T 
=  +0.3  -  +1.6  C) .  The  maximum  scatter  of  the  data  was  about  50%. 

Attenuation  bv  foa.  A  regression  relationship  between  the 
attenuation  coefficient  r  and  the  visibility  V  was  found  to  be  r 
=  120/V  (V  =  50  -  1000  m,  T  =  +3C)  .  To  investigate  deeply 
attenuation  by  fog,  now  we  are  working  at  the  construction  of  a 
fog  liquid  water  content  meter. 
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THE  INTEGRATION  TIMES  AND  THE  RAINFALL  CLIMATIC 
CLASSIFICATION  IN  CHINA 


Dong  Qingsheng 

(Qingdao  Research  Center  of  CRIRP,  Qingdao,  China! 


ABSTRACT 


The  stati-sticai  characteristics  of  rainfall  intensity  observed  at  a 
given  point  will  depend  on  the  integration  ti.T.e  of  the  rain  gauge. 
According  to  the  analyses  of  the  experimental  data,  the  conversions 
between  five  (ten!  minutes  and  one  minute  rain  rate  distributions  are 
discussed  in  this  paper.  The  one  minute  rain  rate  cumulative 
distributions  and  the  rainfall  climatic  classifications  of  the  typical 
regions  in  china  are  given  too. 

INTRODUCTION 


The  rainfall  can  cause  the  serious  attenuation  and  depolarisation  in  MM 
wave  band.  It  is  important  to  research  the  statistical  characteristics 
of  rainfall  intensity.  Because  of  the  rapid  varying  nature  of  the  rain 
rate  at  a  given  point  the  cu.mulative  rain  rate  distribution  observed 
will  depend  on  the  integration  time  of  the  rain  gauge  and  the  different 
integration  times  of  the  gauge  will  result  in  the  different  statistical 
characteristics  of  rain  rata.  The  rainfall  with  high  intensity,  rain 
storm  or  heavy  rain,  tends  to  be  concentrate  in  a  short  period  of  time, 
typically  a  few  minutes.  A  short  integration  ti.m.e  of  one  minute  will  be 
appropriate  for  the  purposes  of  the  rain  attenuation  prediction  and  of 
the  rainfall  climatic  classifications  because  longer  integration  ti.me 
will  sm.octh  the  peak  value  cf  the  rainfall  intensity.  The  long_term 
ram  rate  distributions  with  five  or  ter.  minutes  integration  ti.me  are 
readily  available  in  the  radio  .meteorological  services  i.n  China.  It  is 
urgent  need  that  these  data  are  converted  to  equivalent  one  minute  rain 
rate  distributions  in  order  to  complete  the  rainfall  climatic 
classification  in  China.  According  to  the  analyses  cf  the  e::par imental 
data  the  conversions  between  one  minute  and  five (ten)  minutes  rain  rate 
distributions  are  discussed  in  this  paper.  The  equivalent  cum.ulative 
distributions  of  the  one  minute  rain  rate  and  the  rainfall  climatic 
classifications  of  the  tpical  regions  in  China  are  given. 

THE  DISCUSSIONS  FCR  APPROXIMATE  CONVERSION  FORMULA 


where 


yses  suggest  that  the  rain 

rate  distribution  is 

a  model^'^  i.e. 

P{R>r)  =  a -exp {-ur ) /rfc 

(1) 

b=s  22 • ® 

(2! 

a=  0.0001-r)[„  exp(uR4.^,) 
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u=0.015_0.045 
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.75. 

The  accurate  value  of  u  not  only  depend  on  the  geographical  features 
of  a  region  but  also  depend  to  the  integration  tic!e  of  the  rain  gauge“^ 
Let  ?,  (Ri  )  and  Pt  (Rtl  be  the  rain  rate  distributions  with  one  minute 
and  t  minutes  (five  minutes  or  ten  minutes)  integration  time  at  a  given 
point  respectively.  Then, 


?,  ( Ri  )  =  a  I  exp  { -ui  Ri  )  /R, 
(Rt  '  =  a^  exp  (-u^  P.-t /R^ 


(5) 

(6) 


Let  Ri=Rt=P.  ,  i-e.  corresponding  to  the  sane  rain  intensity,  and  U(  *Ut 
where  this  is  a  approximation  between  one  minute  integration  time  and 
five  (tan)  .minutes  integration  times,  a  approxinata  conversion  formula 
can  be  obtained; 


?,  'R)  ,'?t  'P)  =  :a,  ^a^)R 
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The  formula  is  used  to  provide  the  conversion  between  the  rain  rate 


distributions  wit 
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The  coefficients  A  and  3  will  be  determined  by  the  regressive 


experi.mental  data. 
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Becaus  •  the  influence  of  integration  time  is  meet  evident  in  the  heavy 
rain  and  the  rainstorm  the  rain  rate  data  of  961  .minutes  and  103C 
minutes  are  collected  from.  16  heavy  rain  or  rainstorm,  in  1931_19c2  at 
Xingxiang  and  from  26  heave  rain  or  rains*-or-.  in  19SS_19S3  at  Qingdac 
respectively 


The  cceff icier.- -  A  end  B  are  determined  by  the  logarithm 


regression  of  the  experimental  data: 
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'12'  and  the  .measuremental 
car.  wall  describe  the 
elatienship  between  the  rain  rate  cumulative  distributions 
n:  in-:mti.:n  ti.-,..  The  error  it  less  than  ""s  and  10%  when 


•nr 


■  lO 


.j  u  3  r 


-.0  orcer 


taw*.,  ^ana; 


.  tJJ. . 


examine  the  v*.  ■) 
.:u.m.ul ati ve  distributi; 

....j  — 


values  of  rain  rate  from 
■a  regressed.  As  same  as 


♦  76  • 


COPT  AVAILABLE  TO  DTIC  DOES  NOT  PERIOT  FUIzLY  LEGIBLE  REPRODUCTIOIT 


at  Ottawa  {R>20  itwi/h) 


(13) 


Pl 

{R)=0.1020 

P*  (R) 

at 

Ottawa 

{R>20 

mm/h) 

(13) 

p. 

(R)-0.0500 

Pw<R) 

at 

Ottawa 

{R>20 

mm/h) 

(14) 

p. 

(R)=0.4900 

Pj  (R) 

at 

Finland 

(RMS 

mm/h) 

(15) 

p. 

(R)=0.1320 

P»(R) 

at 

Finland 

(R>15 

mm/h) 

(16) 

The  error  analyses  shown  that  the  conversion  error  is  less  than  10% 
at  Ottawa  and  5%  at  Finland. 


RAINFALL  CLIMATIC  CLASSIFICATION  OF  THE  TYPICAL  REGIONS 
IN  CHINA 

Because  of  the  lack  of  the  rain  rate  data  with  one  minute  integration 
time,  the  rainfall  climatic  classification  in  China  is  very  rough  in 
CCIR  Report  563.  It  may  be  believed  that  there  are  same  conversion 
relationship  between  rain  rate  distributions  with  different  integration 
time  in  the  same  rainfall  climatic  zone.  Therefor  by  means  of  the  above 
conversion  formula  (8)_(16)  (corresponding  to  L,  M,  N,  K  and  E  zone 
respectively)  and  the  long_term  rain  rate  cumulative  distributions  OlO 
years!  with  five  or  ten  minutes  integration  time‘f**’‘^che  equivalent  one 
minute  rain  rate  cumulative  distributions  and  the  rainfall  climatic 
classification  at  the  typical  regions  of  China  are  shown  at  Tab.l. 

Table  1  Equivalent  one  minute  rain  rate  cumulative  distribution  (mm/h) 


Region 

Location 

Time 

0.03 

probability  % 
0.01  0.002 

0.001 

Rain  climatic 
zone 

Beijing 

39*48'  N 

115*23'  E 

40 

56 

84 

117 

M 

Zhenzhou 

34*43' N 

113*39'  E 

42 

58 

82 

114 

M 

Jinan 

36*41'  N 

116*59'  E 

41 

71 

112 

152 

Qingdao 

36*04'  N 

120*19'  E 

27 

58 

107 

158 

t 

Nanjing 

32*19'  N 

118*  48'  E 

37 

65 

105 

146 

L 

Na.-.chang 

23*4  0'  N 

115*53'E 

46 

74 

lO” 

144 

L 

Taiyuen 

37*47' N 

112*33' E 

g  * 

Nanzhou 

36*03'  N 

103*  53'  E 

16 

26 

45 

65 

TT 

Yinchuan 

38*24'N 

106*13’ E 

11 

22 

44 

65 

E 

Nanning 

22*49' N 

108*21’  E 

78 

114 

155 

195 

r: 

Guangzhou 

23*03'  N 

113*19'  E 

81 

116 

159 

198 
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MM  WAVE  PROPAGATICrr  EMFERIMEMT  I!r  SAND  DUST  STORM  AND  SMOEE 


Dong  Qingsheng 

(Qingdao  Resrarch  Canter  of  CRIRP,  Qingdao,  China) 


ABSTRACT 

The  situation  of  the  I-IM  wove  nror3ga*:ion  snperinent  in  the  sand  dust 
otorr,  and  sr.oke  at  Jinan,  Shangdong,  China  are  introduced  and  the 
attenuation  by  the  sand_du3t  storr.  and  : 

TMTRODUCTICi: 


for  enenolar 
So cause  of  the 


The  absorption  and  tha  scattering  of  flying  duct  particle  and  sr.oke  can 
cause  fhe  entincticn  of  signal  energy-  Th.  t- 1  :nu.a cion  depends  on  the 
physical  characteristics  cf  the  dust  r  '.rcicles  and  3.~c 
the  shape,  the  size  distributicn  and  th-e  permittivity, 
lack  of  knovladge  of  the  physical  characteristics,  it  is  '-ry  difficult 
for  the  calculaticn  and  the  rodel  analyse  of  the  attenuation  due  to  the 
3and_dust  storr.  and  the  smoke  in  MM  vave  band.  The  direct  propagation 
measurements  are  desired.  A  MM  wave  propagation  er.periment  in  sand-dust 
storm  and  sr.oke  is  completed  by  Qingdao  Research  Center  cf  CRIR?  at 
Jinan  (35*  41' M,  116*  59' e:  ,  China  in  Apr.  1991.  The  frequencies  cf  M!1  wave 
propagation  path  are  35  GHz,  "'2  GHz  and  93  GHz.  The  length  of  the  path 
is  7?0  m  and  130  m  respectively.  At  first,  the  7'’C  m  experiment  path  is 
sated  up  at  the  large  sandhill  area  closed  tc  Yellow  River  to  measure 
the  attenuation  due  to  flying  sand-iuo"  p.crtioles  by  wind  and  due  tc 
smoke.  At  second,  the  130  .m  experiment  path  is  seta..!  up  at  a  sandy  road 
tc  measure  the  signal  attenuation  due  tc  ch-3  sand-dust  stcr.ms  by  high 
ispssd  cf  3  Th.  3  “"c  ssuc  3^-3"  t  s^.'sc^r'-s  of  2xp  3  c  irnSr*  c 

O  cf  3  IT  ^  T.  0  ^  0  ^  *"  w  •“  •  ^  n  •  •  r  Ti  3  3  0  *0  C  i  rr.  3  O.  f  3  y  3  f  3 17 

instruments  as  shown  as  Fig.l.  The  psrf ermsnees  - 
cyster.  are  indicated  sc  Tab .  1 .  In  the  fcllo-.ring  sections  the 
data  about  the  physical  characteristics  cf  sand-dust  particl-es  and  the 
octenuaticn  due  to  sand-duct  storms  and  sr.oke  are  discussed. 


MM  wave  r.e  asur  er.ent 

.p  m.  r  -...  t: .  *  •. 


Tao . 


The  Perfcrr.ence  of  MM  Wave  Measurement  Systems 


Trar.sr. 


Receiver 


yrequc;ccy  GHz 

35 

72  93 

3  5 

72 

93 

Antc-nna 

Cas 

segrain 

Herr. 

Cassegrain 

Ap-erture  CM 

60 

50  50 

4  C 

*9  •  -w 

c  n 

50 

Gain  dB 

45 

50  53 

50 

53 

Dynamic  range  d3 

4? 

45 

<  c 

- 

Discririnability  dB 

r-J 

C) 

0 . 1 

MM  WAVE  PROPAGATIGM  irr  THE  SAMD-CUST  STCRMG 
.1.  The  Jhysicol  Ch.ar act-eristics  Cf  The  Sand  Dus*:  Farciclas. 
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The  sand-dust  particles  can  cause  the  absorb  and  the  scattering  of  MM 
wave  signal.  Assume  the  shape  of  the  particle  is  sphere,  we  can  obtain 
the  attenuation  by  the  Rayleigh  approximation: 

A  =  1.029*10^' «’'/(\(  (  r+2)*+t‘'*))  X*r*N(r)  dr  dB/km  (1) 

where  is  the  permittivity  of  the  sand-dust  particle.  Therefore 
the  attenuation  due  to  the  sand-dust  storm  will  depent  on  the  particle 
shape,  the  particle  size  distribution  and  the  permittivity. 

(1) .  The  Particle  Size  Distribution. 

The  measurement  results  of  the  six  samples  of  the  flying  sand-dust 
particle  in  the  experiments  are  shown  in  Tab. 2.  It  is  evident  that  the 
particles  with  size  range  0.04-0.15  mm  are  about  80%  of  total  number. 


Tab.!  The  Size  Distribution  Of  The  Sand-Dust  Particles 


Probabi 

lity  % 

Diameter  mm 

Sa.mple  1 

2 

3 

4 

5 

6 

V. 

lean 

0.30>D>0.15 

25 

5 

20 

10 

0 

0 

10 

0.15>D>0.10 

20 

20 

20 

35 

5 

10 

13 

0.10>D>0.05 

30 

60 

45 

50 

65 

60 

52 

0.05>D>0.04 

15 

5 

10 

3 

20 

25 

13 

0.04>D>0.02 

5 

5 

5 

2 

10 

5 

5.3 

0.02>D 

5 

5 

0 

0 

0 

0 

1.7 

(2).  Particle  Shape. 

The  particle 

shape  is  very 

irregular . 

The  shape 

analyses  of 

:  two 

1  typical 

samples  are 

shown  in  Tab. 

3 

.-  It 

is 

clear  that  the 

shape 

of  most 

particles  is 

non- spheric . 

Tab. 3  The 

Shape  Of  The 

Sand-Dust 

Particles 

Sphere 

Spheroid 

Edge  type 

Diameter  mm 

Sample  1 

Sample  2 

1 

2 

1 

2 

0.30>D>0.15 

20 

0 

20 

0 

60 

100 

0,15>D>0.10 

25 

15 

25 

10 

50 

75 

0.10>D>0.05 

16 

34 

34 

16 

50 

50 

0.05>D>0.04 

30 

40 

30 

0 

40 

60 

0.04>D>0.02 

40 

40 

0 

0 

60 

60 

0.02>D 

0 

0 

40 

0 

60 

0 

(3).  Complex  Permittivity. 

The  permittivity  of  the  sand-dust  particle  will  depends  on  the  moisture 
content.  The  measurement  data  of  the  permittivity  are  vsry  scarce  in  MM 
wave  band.  The  measurement  values  of  the  permittivity  of  the  sandy  soil 
collected  in  the  experiment  at  33.5  GHz  are  shown  in  Tab. 4. 

Tab. 4  The  Permittivity  Of  The  Sand-Dust^” 


Frequency  Soil  Type  Moisture  Content  %  Permittivity 

0  2.51-j0.0343 

33.5  GKz  Sa.-.dy  soil  1  3. 11- jO.  1240 

4^ 


2.2.  The  Attenuation  Of  Flying  Sand-Dust  By  Wind. 

At  the  first,  the  experimental  instruments  shown  in  Fig.l  are  installed 
at  a  770  m  propagation  path.  The  maximum  wind  speed  is  about  S  m/s  in 
the  experimental  period.  The  flying  particles  of  the  sand— dust  can  be 
observed  at  the  altitude  above  1  m  corresponding  to  the  visibility  is 

.79* 


less  than  2  km.  There  is  only  a  smaller  change  of  the  signal  level, 
t  0.2  dB/km,  at  93  GHz  and  non  change  is  observed  at  35  GHz  and  72  GHz. 


2.3.  The  Attenuation  Due  To  The  High  Speed  Travel  Of  The  Vehicle. 

As  the  second,  the  measuremental  instruments  are  i.nstalled  at  a  130  m 
sandy  road.  The  altitudes  of  the  transmissive  and  the  receive  antennas 
are  all  about  2  m.  The  dense  dry  sand-dust  storm  due  to  the  high  speed 
trivel  of  a  truck  can  be  maintained  about  10  seconds  above  the  path. 
The  visibility  is  less  than  2  m  at  the  storm.  The  attenuation  of  the 
signal  is  recorded  at  the  same  time.  The  eight  valid  data  are  shown  at 
Tab. 5.  The  maximum  attenuation  is  about  0.75  dB/km  at  93  GHz  and  there 
are  not  level  changes  at  35  and  72  GHz.  To  take  an  average,  the  dense 
dry  sand-dust  storm  with  the  length  of  90  m  only  causes  the  attenuation 
of  0.5  dB/km  at  93  GHz.  Therefore,  the  influence  of  the  dry  sand-dust 
stor.m  should  be  negligible  when  the  frequency  is  less  than  100  GHz. 

Tab. 5  The  Attenuations  Due  To  The  Sand-Dust  Storm  By  The  Vehicle 

(  Frequency;  93  GHz  ) 


Sample  1234  567  8  Mean 

Storm  Length  m  40  70  80  80  110  110  120  110  90 

Attenuation  dB/km  0.75  0.43  0.60  0.60  0.70  0.50  0.70  0.50  0.60 


THE  ATTEITUATION  DUE  TO  SMCTF 

The  smoke  by  the  explosion  or  the  burn  can  cause  the  attenuation  of  MM 
wave.  The  research  of  the  attenuation  by  smoke  will  mainly  depend  on 
the  direct  experiment  measurement  because  of  the  uncertainty  of  the 
permittivity  of  smoke.  The  propagation  experiment  in  smoke  is  completed 
at  a  770  m  path  on  a  non- wind  day.  The  burn  of  the  firewood  and  the 
grass  poured  by  the  engine  oil  can .produce  dense  smoke  with  the  length 
of  100  m  along  the  path.  The  typical  measurements  of  the  attenuation 
and  visibility  are  shown  at  Fig. 2.  The  data  are  discussed  for  the  "burn 
period"  and  the  "smoking  period"  respectively .  In  the  "burn  period", 
the  flame  rise  to  the  sky  but  the  smck.-  is  weaker  and  the  visibility  is 
greater,  the  strong  fluctuates  of  the  signal  level  with  the  amplitude 
variances  of  ±7  dB/km  and  12  dB/km  are  observed  at  93  GHz  and  72  GHz, 
respectively.  The  frequency  ranges  of  the  scintillation  are  about  0.5-2 
Hz  at  93  GHz.  In  the  "smoking  period",  the  burn  is  near  stop  and  the 
smoke  reach  the  .most  dense  situation  with  the  least  visibility,  the 
small  variances  of  the  signal  level  with  the  amplitude  of  ±1  dB/km  are 
observed  at  93  GHz  and  non  changes  of  the  signal  level  are  observed  at 
35  GHz  and  72  GHz.  It  is  evident  from  abcve_ discussions  that  the  dense 
smoke  can  only  cause  very  small  variance  of  the  signal  level,  typically 
11  dB/km  at  93  GHz,  but  the  strong  fluctuate  of  the  signal  level, 
typically  17  dB/km  at  93  GHz  and  ±2  dB/km  at  72  GHz,  can  be  observed  in 
the  "burn  period" .  The  main  reason  caused  above  phenomenon  is  probably 
from  the  fact  that  the  notable  variance  of  water  vapour  in  the  "burn 
period"  will  result  in  the  notable  variance  of  the  imaginary  part  of 
the  per.mi ttivity  of  the  smoke  particles  and  the  strong  fluctuate  of  the 
signal  level  will  be  caused. 

CONCLUSIOtlS 

According  to  above  discussions  of  the  experimental  results,  some 
interested  conclusions  can  be  obtained: 

1) .  The  very  small  attenuation  are  caused  by  the  dense  sand-dust  storm, 
with  the  visibility  of  a  few  meters,  composed  of  the  flying  particles 
of  the  dry  sand-dust  due  to  the  high  speed  travel  of  the  vehicle  at  the 
frequency  range  below  100  GHz,  typically  1  dB/km  at  93  GHz. 


80. 


2)  .  The  dense  smoke  due  to  the  burn  of  the  firewood  and  grass  poured 
engine  oil  can  only  cause  very  small  variances  of  the  signal  level 
typically  11  dB/km  at  93  GHz,  in  the  "smoking  period”.  But  the  strong 
fluctuate  of  the  signal _ level ,  typically  ±7  dB/km  at  93  GHz  andt2  dB/kr 
at  72  GHz,  are  caused  in  the  "burn  period".  The  reasonable  explain  is 
possibly  that  the  notable  variances  of  the  water  vapour  in  the  "burr 
period"  will  result  in  the  notable  variances  of  the  imaginary  part  c 
the  permittivity  of  the  smoke  particles  and  then  the  strong  fluctuat 
of  the  signal  level  will  be  caused. 

3) .  The  shape  of  most  of  the  sand-dust  particles  is  non— spheric  and  t.h; 
maximum  equivalent  diameter  is  less  than  0.3  mm.  The  particles  with  the 
diameter  0.04-0.15  mm  will  be  greater  than  80%  cf  the  total  number. 
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COMPARISON  BETWEEN  THE  PEL  READIATION  AND 
CYCLOTRON  RADIATION 


Yin  Yuanzhau 

(Institute  of  Electronics,  Academia  Sinica,  Beijing,  China) 


ABSTRACT 

In  PEL,  there  are  two  kinds  of  radiations;  the  free  electron  laser  radiation  (FELR)  and  the 
cyclotron  radiation  (CR).  This  paper  has  theoretically  pointed  out  that  if  the  initial  transverse  ve¬ 
locity  of  the  electron  beam  is  large  and  the  parameters  of  PEL  are  not  suitable,  CR  will  dominate, 
especially  when  the  energy  of  electron  beam  is  low.  But  CR  do  not  have  double  Doppler  frequency 
upshift  and  with  the  Umitaion  of  the  guide  magnetic  field,  its  radiation  frequency  is  much  smaller 
than  FELR.  Therefore,  it  is  very  important  to  distinglish  these  two  radiations  and  to  suppress  CR. 

INTRODUCTION 

In  PEL,  under  the  action  of  the  guide  magnetic  field,  the  beam  will  do  cyclotron  motion.  This 
cyclotron  motion  can  interact  with  the  electromagnetic  wave  and  produce  a  coherent  stimulated 
radiation,  that  is,  the  cyclotron  radiation  (CR).  At  the  same  time,  under  the  action  of  the  wiggler, 
the  beam  will  do  periodic  movement  which  interacts  with  the  electromagnetic  wave  too  and  pro¬ 
duce  another  coherent  stimulated  radiation,  that  is  the  free  electron  laser  radiation  (FELR). 
Therefore,  in  PEL  the  two  mechanisms  for  both  PELR  and  CR  exist.  This  paper  shows  when  the 
beam  energy  is  high  and  its  initial  transverse  velocity  is  small,  the  frequency  and  growth  rate  of 
FELR  is  much  larger  than  CR,  so  CR  do  not  play  any  significant  role.  But  on  the  contrary,  the 
frequency  of  CR  will  be  close  to  FELR  and  CR  growth  rate  will  become  large,  CR  can  not  be  neg¬ 
lected. 


THE  DISPERSION  RELATIONS 

We  assume  the  static  magnetic  field  is  composed  of  the  bifilar  helical  wiggler  and  the  gtiide  mag¬ 
netic  field: 

J5g  =B^(cos(k^z)«,  -jin(k^z)e^l  +  B,e, 

where  B,  and  B,,  is  the  wigger  and  guide  magnetic  fields,  \c^=^2n/X^  and  A,  are  the 
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wavenumber  and  wavelength  of  the  wigger.  The  ekctromagnetic  wzve  it  a  plaxmar  wave,  £ 
Take  the  electron  motion  in  the  static  magnetic  fields  as  the  zero  oider,  solve 
the  equation  of  electron  motion 

dv/ dt  =s  — e/(mj7)[£+  v  x  {B  +  B^)/ c—viv  •  E)/ c^J 

the  equation  of  continuity 

V  •  (JSTv)  +  /  at  =«  0 

and  the  wave  equation 

V  x(V  x^  +  (l/c'>"£/«*= -(4«/c*)p7/« 
together,  by  making  use  of  the  Maxwell  equation 

V  x£=  -{\/c)3B/»t 
and  the  rf  current  dendty 

/■  =  —  eNv 

after  some  tedious  algebra,  we  obtain  the  dipersion  relations:  for  PEL  mode 

Im'  -  c*k*  -  -  kv  , )'  /  ((<u  -  kv  ,  )*  -  a]  )][a)  -  (k  +  k  Jv ,  f 

«(a)V4)v^(k  +  k^)[v^(ck-^,m)-n^(a)-kv,)/{<u-kv,  -fl,))  (1) 

for  CR  mode 

(o’^ -c*k^)(cu-kv^ 

=  ((uV4  )y]^(ck-P„oi)ik  +  n„  /v,)/c 

(2) 

where  *=  (4we*«j is  the  plasma  frequency,  £J,  =«-®,  ^,  = 

^  cyclotron  frequecies  in'&e  gmde  and  wigger  magnetic  fields,  v„  and  vj^ 
are  the  initial  axial  and  transverse  velocities  of  electron,  respectively.  v^=Si^y  ^ 

)  is  the  transverse  velocity  of  electron  caused  by  the  wiggler. 

RESULTS  AND  DISCUSSION 

From  the  dispersion  relations  (1)  and  (2),  we  can  obtain  the  radiation  frequencies  tUriPEL 
and  the  growth  rates  cbhjjl  ^ic  mode  and  CR  mode,  respectively,  as  follows: 


(3) 

(4) 

and 

(1  -h  0 ,  )ck,  /  {0 ,  y,)] 

(5) 

0),^  =  (VT/ „  / /I, yi)]'"’ 

(6) 

where  /(m^c)  is  the  nonrelativistic  cyclotron  frequency 

in  the  guide  field, 

The  radiation  frequencies  and  growth  rates  for  the  FEL  mode  and  CR  mode  as  a  function  of  the 
electron  beam  energy  E,  the  guide  magnetic  field  B  y  and  the  initial  transverse  velocity  0j_  of  the 
electron  beam  have  shown  in  Figs.  1,2  and  3,  respectively.  From  these  figures,  we  can  see  FEL 
mode  has  the  resonance  property,  the  resonance  condition  i&[i^—0f| ck*  =  0,  according  to  Eqs.  (3) 
and  (4),  this  is  just  the  same  condition  for  oitFEL~^ic-  This  condition  has  been  expressed  by  a 
dot— and— dash  line  in  Figs.  1  and  2.  Obviously,  in  experiments  we  should  avoid  the  resonance,  but 
we  car,  properly  approach  it  to  increase  the  FELR  growth  rate.  The  CR  mode  does  not  have  the 
resonance  property.  The  FELR  growth  rate  increases  when  the  wigglcr  field  increases.  The  CR 
growth  rate  increases  when  the  guide  magnetic  field  and  initial  transverse  velocity  of  electron  in¬ 
crease.  Because  the  guide  magnetic  field  must  strong  enough,  the  best  way  to  suppress  CR  is  to  re¬ 
duce  the  initial  transverse  velocity  of  the  electron  beam  as  low  as  possible.  Generally,  the  initial 
transverse  velocity  of  electrons  has  little  infiunce  on  the  frequencis  of  FELR  and  CR  and  the 
FELR  growth  rate.  The  FELR  has  the  double  Doppler  frequency  upshift  property,  its  frequency 
is  approximately  propotional  to  the  electron  energy  square.  But  the  CR  do  not  have  the  double 
Doppler  frequency  upshift  property,  its  frequency  is  approximately  propotional  to  the  electron 
energy  and  axial  magnetic  field.  Obviousely,  the  most  effective  way  to  increase  the  FEL  frequency 
is  to  increase  the  electron  energy.  Under  the  certain  condition,  it  will  make  the  FELR  growrth  rate 
smaller  than  CR.So  it  becomes  more  important  to  reduce  the  initial  transverse  velocity  of  electron 
beam  in  order  reduce  the  CR  growth  rate  in  free  electron  lasers. 
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FREE  ELECTRON  LASER  WITH  ELECTRON  RING  AND 
ELECTROMAGNETIC  PUMPING  WAVE 


Yin  Yuanzhao 

Institute  of  Electronics,  Academia  Sinica,  Beijing,  China) 


ABSTRACT 

A  free  electron  laser  wth  electron  ring  and  electromagnetic  pumping  wave  is  studied.  The  drifting 
and  rotating  electron  ring  of  large  radius  goes  through  a  cylindrical  waveguide  and  interacts  with 
its  TE  mode.  By  making  use  of  the  Vlasov  distribution  theory  and  three  dimensional  wave  equa¬ 
tion,  the  dispersion  relation  of  the  scattered  wave  in  the  Compton  region  has  been  deduced.  Ac¬ 
cording  to  the  numerical  analysis,  the  growth  rate  and  radiation  frequency  of  the  scattered  wave 
as  a  function  of  the  guide  magnetic  field,  electron  beam  energy,  electron  rotating  ratio  and  radial 
position  of  electron  ring  have  been  discussed. 

INTRODUCTION 

The  free  electron  lasers  can  produce  coherent  radiation  from  millimeter  and  subraillimetcr  to  opti¬ 
cal  range  and  as  tunnable  high  power  lasers  arc  rapidly  developing  in  the  recent  two  decades.  In 
most  FEL  researches,  the  static  magnetic  wiggier  is  used.  In  this  paper  the  traveling 
electromagnetic  wave  as  a  wiggier  (EM  wiggier)  is  studied,  that  is,  the  electromagnetic  wave  prop¬ 
agating  in  the  direction  against  the  electron  beam  motion  acts  as  a  pumping  wave  and  is  scattered 
by  the  electron  beam.  In  comparison  with  the  static  magnetic  wiggier,  this  kind  of  EM  wiggier  has 
very  short  wavelength  and  can  be  used  in  the  two-stage  FEL. 

THE  DISPERSION  RELATION 

The  relativistic  motion  equation  of  electron  in  the  guide  magnetic  field  is 

dv/  dt=  -e/(ymj)[£-»- V  X  (R R,, )/ c- v(v  •  E)/  c^]  (1) 

where  B  =  B  is  the  guide  magnetic  field.  £  =  £,  R  =  Rj-bjBj,  £,,  £,  and  £j,  B^ 
are  the  electric  and  magnetic  fielas  of  the  pumpimng  wave  and  scattered  wave,  respectively.  For 
the  TE  modes  of  cylinderical  waveguide,  their  z-components  are 
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and 

^.1  “|^2/a(*,2^)tfJc/>{i(A:j2  +  /je-<»,01  +  c.c.,  i?,,  =0 

The  other  components  can  be  obtained  by  making  use  of  the  Maxwell  equations. 

The  longitudinal  wave  equation  of  the  scattered  wave  is 

[V*  -  (1  /  c*)a"  /  =  -  4x(V  X  J),  /  c  (2) 

The  pertubated  ctirrent  dencity  /  can  be  obtained  from  the  pertubated  velocity  and  distribution 
function. 

Under  the  action  of  the  guide  magnetic  field,  the  pumping  and  scattered  wave,  the  discribution 
function  of  the  relativistic  electron  ring  is  determined  by  the  following  Vlasov  equation: 

/  3t  +  v(r,t)  •  9/(p,r,l)  /  »r~  e{Eir,t)  +  v(r,/)  x 
+  B  g]/ c}  •  3/{p,r,t)/3p  =  0  (3) 

We  choose  the  equilibrium  distribution  according  to  the  properties  of  electron  beam  as  follows: 

=  n.iZo®  [A'  -  (p,  ^  p)']d{i»,  ~  P^)S{p^  -  r  ,  ) 

where  and  Rq  is  the  equiliblium  density  and  radius  of  the  beam,  p  is  the  average  azimuthal 
momentum,  A  is  the  momentum  spread,  Pe— r(p0-cB;/ r/(2c))  is  the  canonical  azimuthal  mo¬ 
mentum,  0  is  the  Heaviside  step  function  and  Pq  —  cB  n  (R J+a^  /  (2c).  The  equilibrrium  velocity 
•  Expand  the  velocity  and  distribution  function  of  the  electron  ring: 

and  solve  Eq.  (1),  (2)  and  (3)  together,  only  keep  the  beat  terms  of  the  pumping  wave  and  scat¬ 
tered  wave,  which  satisfy  the  following  relations: 

Qi  =  <Uj-<a,,  k  =  /t,+kj,  /  =  /j+/j 

we  get  the  dispersion  relation; 

to]  -  c'*'  -  c‘*],x® 
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THE  NUMERICAL  ANALYSIS  AND  DISCUSSION 


The  growth  rate  tU|  as  a  function  of  the  azimuthal  mode  munber  is  shown  in  Fig.l.  the  maxium 
growth  rate  in  Fig.l,  its  corresponding  frequency  ojj,  azimuthal  mode  number  Ij  and  elec¬ 
tron  rotating  ratio  a  as  a  function  of  the  radial  position  of  electron  ring  arc  shown  in  FigJ2. 
Here  the  electron  rotating  ratio  a  =  Veo  /  v  ^  is  defined  as  the  ratio  between  the  azimuthal  and  axial 
components  of  electron  velocity  in  equilibrium.  From  Figs.  1  and  2,  we  can  sec  when  Rg  increases 
and  is  close  to  the  waveguide  wall,  increases  and  moves  to  larger  Ij.  At  the  same  time, 
cuj  and  « increase.  This  is  a  very  interesting  result.  It  means  in  practice  the  electron  ring  should  be 
close  to  the  waveguide  wall.  In  order  to  show  the  working  property  of  low  energy  electron  ring,  as 
a  example,  Fig.3  is  presented. 

As  a  conclusion,  we  point  out  that  in  the  electromagnetic  wave  pumping  case,  the  rotating 
electron  ring  provides  saveral  advantages;  frist,  by  saitablcly  choosing  parameters,  we  can  increase 
the  electron  rotating  ratio  to  make  the  growth  rate  increase.  Tereforc,  it  meams  the  guide  magnetic 
field  not  only  focuses  the  electron  beam  and  prevents  it  from  divergence  but  also  makes  the  beam 
rotate  with  large  rad-us,  increases  the  effective  distance  of  interaction  between  the  electrons  and 
the  elctromagnct^w  r/aves,  so  that  the  growth  rate  will  inhance  and  the  device  can  be  very  compact 
Second,  when  the  electron  ring  is  close  to  the  waveguide,  both  the  growth  rate  and  radiation  fre¬ 
quency  wiii  increase.  This  is  useful  to  get  higher  freouecy  with  a  electron  beam  of  lower  energy. 
Third,  by  shoosing  parameters  properly,  it  is  possible  to  make  the  electron  ring  to  produce  high 
frequency  radiation  for  which  generally  a  high  energy  beam  is  needed.  Fourth,  We  can  use  this 
electron  ring  to  make  a  two~stage  FEL.  In  the  first  stage,  this  ring  produces  the  CARM  radiation. 
Then  this  powerful  radiation  propagates  through  the  second  stage  FEL  interaction  region  as  a 
traveling  wave  in  the  same  waveguide  where  the  interaction  happens  as  described  in  this  paper.  We 
hope  by  adjusting  a  we  will  be  able  to  made  the  whole  device  shorter  and  get  higher  output  power. 


Qi|X  10"*(rad  *  8~') 
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ABSTRACT 

The  theory  of  stimulated  scattering  of  electromagnetic  waves  by  high-current  relativisitic  electron  beams  is 
devolaped  with  the  transverse  inhomogeneity  of  incident  and  scattered  waves,  and  the  presence  of  a 
magnetic  field  of  20  kG  focusing  the  particles  taken  into  account.  The  nonlinear  results  including  the 
coupling  coefficient  versus  the  longitudinal  magnetic  field  and  the  radius  of  electron  beam ,  the  excitation 
curves,  powers  and  efficiency  etc,  are  obtained  on  a  set  of  input  parameters  of  our  recently  establiidurd 
accelerator  and  FEL  system  with  an  electron  energy  of  600  keV  and  a  current  of  3  kA.  It  is  shown  that  the 
electrodynamic  system  of  backward  wave  oscillator  (BWO)  in  the  form  of  a  cylindrical  waveguide  with  a 
periodically  corrugated  wall  can  have  a  high  Q-factor  for  oscillations  at  wavelenghts  much  shorter  than  the 
corrugation  period  of  1.  95  cm  and  the  wavelengths  of  incident  pump  waves.  The  relativistic  3.  2  cm 
backward  wave  oscillator  provided  powerful  scattered  radiation  at  3—3  mm  with  integral  power  of  30  MW 
and  efficiency  up  to  13% 

INTRODUCTION 

Free  electron  lasers  (FEL' s)  have  the  potential  of  providing  very  high- power,  continuously  tunable, 
coherent  radiation  over  an  extensive  range  of  wavelehgths,  many  applications  in  mil’tary,  industrial, 
agricultural,  medical  and  biological  areas  etc.  and  are  currently  the  subject  of  an  intensive  research  effort'. 
More  attention  has  been  paid  to  he  electromagnetically  pumped  free  electron  laser  (EM— FEL)  in  recent 
years  because  EM — FEL  enables  significant  increases  in  the  radiation  frequency  (Ass  )  for  the  same 
beam  parameters  (as  compared  to  the  magnetostatic  wiggler- driven  FEL,  A  K/2'/)  and  continuous 
tunability  by  changing  the  electromagnetic  pump  frequency.  In  the  EM  —  FEL ,  the  generation  of  the 
pump  wave  and  it's  scattering  can  be  accomplished  by  the  same  electron  beam,  even  directly  in  the  same 
interaction  space,  this  is  called  two-stage  FEL^-’  (Fig.  1  ^own  ).  Many  radiation  sources  that  induce  a 
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transverse  electron  oscillation  would,  in  principle,  function  as  a  pump  field.  Generating  radiation  of  200 
MW  of  power  and  3.  2  an  of  wavelength  by  the  relativistic  backward  wave  oscillatior  is  thought  to  function 
as  the  pump  wave  in  the  present  study.  A  practical  EM— EFL  electrodynamic  system  is  simulated  using  the 
complete  equations  of  EM  —  FEL  by  Bratman  et  al.  *»  to  obtain  the  coupling  coefficient  versus  the 
longitudinal  magnetic  field  and  the  radius  of  electron  beam,  the  excitation  curves,  powers  versus  the 
focusing  magnetic  field,  frequency  and  efficiency.  All  the  computing  results  can  direct  our  experiment  of 
free  electron  laser  pumped  by  electromagnetic  waves  which  is  in  progress  in  University  of  Electronic  Science 
and  Technology  of  China.  ^ 

THEORETICAL  BACKGROUND 

In  the  case  of  scattering  by  a  beam  of  electrons  moving  with  a  translational  velocity  v// ,  the  incident  wave 
(pump)  A  and  the  scattered  wave  (signal  )  A  can  be  expressed  as; 

A.,  = 

When  stimulated  scattering  can  occur  in  the  pump  generator  (Fig.  1)  with  consideration  of  HF— LF  wave 
interaction  in  relativistic  backward  wave  oscillator ,  the  complete  equations  of  particle  motion  and  resonator 
excitation  have  the  form* . 

^  -f  +  <?orffc*e*f(»(tf.  —  ft))] 

dB,..  .  , 

==-  ft..  + 

^  GOnPl.-OdZ 

%  +  =  iM^.  r^CF.Ai.i  +  (?*a./j-M)iZ 

ftv  aV«  jo 


RESULTS  AND  DISCUSSIONS 

Fig.  2  ^ows  the  wave  coupling  coefficient  G  versus  the^radius  of  electron  beam;  Fig.  3  shows  G  versus 
the  magnitude  of  the  longitudinal  magnetic  field,  when  the  Eoi  wave  scatters  to  the  H,|,Eoi,E||,Hoi,and 
Ht,.  Fig.  3  shows  that  when  B5wl2kG,  the  coupling  coefficient  G-*-oo. 

The  growth  of  the  scatterea  wave  power  is  restricted  by:  depletion  of  the  pump  wave  and  lockout  of  the 
cieccrons  losing  energy  from  ^chronism  with  the  combination  wave(the  shift  of  bunches  from  deceleration 
to  acceleration  wave  phases).  Fig.  4  shows  that,  after  starting  oscillation,  when  time  t>^15ns,  the  pump 
waves  get  to  the  power  saturation  of  200  MW;  when  time  ts^lOns,  the  scattered  waves  to  the  power 
saturation  of  30  MW. 
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Non-monotonic  dependence  of  the  BWO  radiation  Pi  ( B )  is  explained  by  cyclotron  absorption  of  the 
fundamental  harmonic  of  the  counter- running  wave  by  the  linear  electron  beam  at  resorumt  magnetic 
fields .  I  *1 1 V//  <i)«  ,  just  shown  in  Fig.  3 .  12  kG  is  satisfied  this  condition.  However ,  it  is  found 

that  the  pumping  of  transverse  electron  oscillations  results  in  the  enhancement  of  coupling  between  the  beam 
and  the  HF(scattered)  wave.  This  fact  explaines  the  increase  in  the  power  of  scattered  radiation  P,(B)  near 
the  edges  of  the  cyclotron  absorption  line  in  spite  of  the  decrease  in  the  power  of  pump  wave.  These  are 
shown  in  Fig.  5. 


CONCLUSION 

Numerical  study  shows  that  it  is  passible  to  realize  a  two-stage  FEL  where  great  Doppler  frequency  up- 
conversion  occurs  twice ,  and  where  short  wave  radiation  using  stimulated  wave  scattering  by  high-current 
relativistic  electron  beam  can  be  obtained  drectly  in  the  interaction  space  of  the  pump  wave  generator.  It  is 
showing  that  both  the  pump  as  well  as  the  FEL  interaction  are  strongly  affected  by  the  guide  magnetic  field. 
And  the  process  from  the  start  of  oscillation  to  the  end  of  saturation  is  clearly  demonstrated  by  the  curves  of 
powers  of  incident  and  scattered  waves.  The  theory  and  the  numerical  results  are  very  useful  to  our 
undertaking  experiment  of  EM-FEL «  and  agreeable  with  our  initial  experimental  results. 
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ABSTRACT 

The  orotron  was  proposed  in  the  USSR  by  F.  S.  Rusin  and  G. 
D.  Bogomolov  in  1966.  Its  function  has  been  studied  for  several 
years  by  different  research  groups  in  the  USSR  (V.  P. 
Shestopalov,  et  al.)  and  abroad  (D.  E.  Wortman,  R.  P  Leavit,  et 
al.).  By  this  time,  the  opinion  derived  from  these 
investigations  is  that  the  orotron  is  a  small  power  millimeter 
wave  range  harmonic  oscillations  generator  (whose  efficiency  is 
consequently  low)  of  pulse  or  continuous  action. 

The  research  of  which  the  results  will  be  exposed  in  the 
current  report  were  mainly  axed  on  the  goal  of  investigation  of 
the  possibility  of  creating  powerful  and  efficient  centimeter  and 
millimeter  wave  range  orotrons  with  an  output  power  of  unities  to 
hundreds  kW.  These  investigations  at  the  IRE  of  the  Academy  of 
Sciences  of  the  USSR  started  sixteen  years  ago  as  an  initiative 
of  Dr.  2.  S.  Chernov.  At  this  time,  they  are  practically 
completed. 

In  the  report  we  will  be  considering  the  problems  of 
theoretical  analysis  of  the  electron  wave  interaction  in  the 
orotron  under  a  substantially  nonlinear  regime.  His  parameters 
optimization  methods,  in  particular,  the  methods  of  efficiency 
increase,  will  be  discussed,  and  the  excitation  theory  results 
for  higher  parasitic  types  of  oscillations  will  be  reported. 

We  will  also  be  considering  the  device  basic  constructions' 
peculiarities  adequate  to  the  theoretical  models  conceived. 
Last,  we  will  be  discussing  the  results  of  experimental  studies, 
most  of  which  are  scheduled  in  the  table. 


^  Results  of 
10^) 

experiments 

in  pulse 

regime 

5mks.  T/t 

f (GHz) 

p(kW) 

T)% 

Ql*0^ 

U(kV) 

1(A) 

j (A/cm^) 

10 

53 

35 

0.8 

13 

11.6 

50 

37,5 

40 

17 

2 

19 

12 

90 

1.2 

6 

5 

20 

1 

100 

Here,  g  is  the  pulse  duration,  T  is  the  duration  between 
two  neighboring  pulses,  f  is  frequency,  P  is  the  pulse  output 
power,  Ti  is  efficiency  in  percent,  and  Q2^  is  the  quality  factor. 


•  94  . 


T3.5 
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INTRODUCTION 

Thero  is  more  interest  in  electrostatic  electron  cyclotron  resonance  maser  (EECRM). which  is  similar  to  Orbition,  because 
of  its  attractive  advantages  to  gyrotron‘~' .  e.  g.  .  it  may  be  voltage  tunable,  it  may  operate  at  high  cyclotron  harmomc  and 
nonrelativisdc  case ,  it  requires  no  magnetostatic  field.  By  now .  most  articles  for  EECRM  and  Orbitron  dealed  with  an  ideal 
model,  i.  e.  ,  the  space  charge  effects  were  neglected.  Whereas,  one  can  see  from  the  results  given  below  that  the  space 
charge  effects  play  a  important  role  in  EECRM .  and  may  change  some  EECRM  characteristics. 


THE  AFFECTION  OF  SPACE  CHARGE  FIELDS  IN  EECRM  SYSTEM 

In  the  cylindrical  coordinate  <  R,<p.c  ) ,  we  can  get  the  ac  space  charge  fields  at  the  beam  position  as’  £,  =  -i' 

£m  =  jHiRii(pi  +  H}Rt.  and  the  dc  component  is  (£«)«=  i!e(Ro)T/2e.  and  coefficients  are 


..  mpoT _  (/?,’-  4-  -  Ro”) 

2t  R.'-  -  R.-* 

(1) 

mo,T^  (Rt’- -  R.*-)(Bs>- -  R,*-) 

2f  °  R.**  -  R." 

(2) 

o«T  ,  mo.T_..._.(Ro’-  +  R.'-)(R.**+R.”) 

“  2rR,  2r  R.**  -  R.** 

(3) 

..  mpoT„  (Rc’‘  -  R.‘R.’)(R,‘*  +  R.*R,*) 

2«  "  R,’.*.-  R.** 

(4) 

where  m. A.. r  .  are  the  number  of  azimuthal  harmonics,  the  average  equilibrium  radius  of  the  electron  beam,  inner 
and  outer  radii  of  conductors  and  the  radial  thickess  of  electron  beam,  respectively.  Starting  from  relativistic  equation  oi 
electron  in  the  coaxial  cavity  with  the  voltage  between  the  inner  and  outer  conductors  Vt ,  We  can  get  the  pemirbation  of 
electron  motion  perturbation.  Rt  =  (Ri)«i,»iaC.<.  R^t  -•  (2  —  z,  »■—  0i,^a,(2  — 

.  where  fi.  =»  (2  —  fit,  =•  »»,/«,  *  otJc .  In  the  cases  of  »(.  =  0  and  »*,  *=  0  .  one 

can  see  that  the  tranverse  oscillation  still  exists.  It  is  obvious  that  this  is  the  inherent  oscillation  in  EECRM  system. 
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Consider  the  dc  space  chaige  effect,  electron  motion  equation  changes,  and  the  angular  frequency  must  satisfy 

(Uo’ =  +  |e|rp5(flo)/2ey8W?o  (5) 

in  order  to  sustain  the  circtiiar  orbit  motion.  We  find  from  equation  (5)  that  O,  =  (2  —  increases,  which  shows 

that  dc  space  charge  effect  make  the  inherent  oscillation  frequency  shift  up.  as  well  as  the  operating  frequency  when  the 
inherent  oscillation  mode  couples  with  the  electron  cyclotron  mode. 

THE  INSTABILITY  ANALYSIS  OF  DISPERSION  EQUATION  IN  EECRM  SYSTEM 

The  general  dispersion  equation  of  TE.,  mode  is  worked  out  as^ 

^  ^  +  Js  +  -i-  (6) 

c-  Ni>Q, 

where  coefficients  A,_7  include  the  influence  of  both  the  high  frequency  fields  and  space  charge  effects*.  .Vqis  a  constant  of 
integration,  ui,  is  the  plasma  frequency  of  the  beam.  And  O  =  at  ~~  —  iwoo,  Qi  —  —  OJ,  Q.^  — 

=  +  MiQ  +  M],  Afi~iare  modified  coefficients  which  include  the  space  charge  effects*.  It  is  possible  for  the  vacuum 

wave — guide  mode  (  oi’  —  (rF  —  —  0  )  couples  with  the  elecfon  cyclotron  mode  (at  —  kva,  —  matt  —  0)  only  when 

R  H 

t'o  ^  =  y(ini9^o'i,’fa  -^/  |e|n»’yo.'  —  rRtPii(li<i)in  -^/2e  which  shows  that  the  dc  space  charge  effect  may  reduce  the 

n,  K, 

electrostatic  focusing  voltage  t’o  .  and  is  conducive  to  the  synchronous  cyclotron  mstability.  This  property  is  not  mentioned 
before.  In  fact,  the  space  charge  effects  here  promote  the  loss  of  potential  energy  of  electrons,  then  are  conducive  to  both 
the  stimulation  of  wave  fields  and  the  occurrence  of  instability.  The  singularity  fJ/  =  0  stands  for  the  tranverse  oscillation 
instability  which  due  to  the  coupling  between  the  inheicu.  oscillation  and  the  electron  cyclotron  mode.  The  approximate 
growth  rate  of  this  instability  have  been  driven  out ; s' ■  /.  (<5<u)  =  (  77:; - , - )  .  Notice  that  plasma  frequency 

V  4(J  “■  ptip  ) 

#'Y  1^1/ 

o  *  =  — ^  ! —  oc  /  .  where  1  is  the  current  of  electron  beam,  we  can  get  that  /,{(5<i>)  oc  /•''*  for  the  synchronous 

ycwo«o  yomoiQViu 

cyclotron  Instability,  and  /.(<J<u)  tc  /'  *  for  the  inherent  oscillation  instability.  When  the  beam  current  I  is  larger  than  1 
ampiere,  we  get  /‘^*  >  /*^’  ,  which  due  to  the  contribuaon  of  space  charge  effects  to  this  tranverse  oscillation  instability. 
The  results  above  have  no  difference  with  the  description  of  the  negative-mass  instability',  and  are  al.to  similar  to  that  space 
charge  effects  can  increase  the  small  signal  gain  in  the  cross- field  devices. 


CONCLUSION 

The  space  charge  effect  may  make  L':e  frequency  of  the  inherent  oscillation  upshift)  it  is  condunive  tb  the  synchronous 
instability  and  it  increases  the  growth  rate  of  instability.  There  are  similar  results  to  the  TM«.  modes'. 
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ANALYSIS  OF  INSTABILITY  IN  EECRM  SYSTEM* 


Caidong  Xiong  and  Shanggang  Liu 

institute  of  High  Energy  Electronics ,  UnwersUy  of  Electraaic  Science 
and  Technology  of  China, Chengdu  610054 >iSicAiian,P.  R.  Chaa) 

INTRODUCTION 

The  concept  of  electrostatic  electron  cyclotron  resonance  maser  (EECRM)  was  proposed  in 
1984^  Its  mechanism  is  that:  injecting  a  relativistic  or  nonrelativistic  cyclotron  electron 
beam  into  the  coaxial  waveguide  system  (see  Fig.  1) ,  a  radial  electrostatic  field  between  the 
inner  and  outer  conductors  is  used  to  restrict  the  electron  cyclotron  motion .  while  electrons 
interact  synchronously  with  coaxial  high  frequency  fields  (TE,TM  or  TEM  modes), 
resulting  in  coherent  radiation.  So  it  is  necessary  to  give  a  detailed  analysis  to  the  elearon 
motion  in  the  EECRM  system. 

THE  STEADY  STATE  MOTION  OF  ELECTRONS  IN  EECRM  SYSTEM 

Neglecting  the  space  charge  forces  and  the  high  frequency  field  forces  in  the  coaxial  cavity , 
the  steady  state  circular  orbit  equation  of  electron  motion  may  be  written  as 

yomo  (  —  Rq(i4)  =  eUo/ Rgln  ~  ( 1 ) 

n* 

where  Rois  the  average  equilibrium  radius  of  electron  beam.  Supposing  there  are  perturbation 
(Rj,Ro9>i»2i)  of  electron  motion,  we  can  get  that 

Ri  =  (ROmm.sinQj  (2) 

R(,<Pi  —  sil  —  P(t^(,R{),jcosQjL  (3) 

2i  «  (4) 

\/2  - 
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where  Q,  —  v^2  —  =  vo»/c»  ^o.  =  Wct  when  uo,  ==  0  (i.  e.  ,  no  iongitudinai 

motion) ,  the  transverse  motion  exists.  In  the  nonrelativistic  case ,  ^0,-0,  O,  =®  ’/Ztoo  ,the 
transverse  oscillation  still  exists.  It  is  obvious  that  this  is  the  inherent  oscillation  in  EECRM 
system.  Therefore  it  is  possible  for  this  inherent  oscillation  couples  with  the  electrcm 

cyclotron  mode,  resulting  in  instability.  Consider  the  dc  space  charge  effect,  electron  motion 

R 

equation  changes  and  the  angular  frequency  must  satisfy  a)o*  =  \e\UQ/yomJioln(—)  -f- 
le\rpo(.Ro) /2syomi>Ro  in  order  to  sustain  the  circular  orbit  motion  of  electrons.  This  requires 
that  electrons  should  have  more  initial  kinetic  energy  (  to  overcome  the 

defocussing  effect  of  space  charge,  and  to  achive  the  steady  electron  beam  equilibrium. 

THE  INHERENT  OSCILLATION  INSTABIUTy  IN  EECRM  SYSTEM 

The  general  dispersion  equation  of  TE™  mode  -in  EECRM  system  was  dervied  out  as* 

^  -  it*  -  i?  =  ^  +  ds  +  dsir*  +  (5) 

where  coefficients  Ai~r  include  the  influence  of  both  the  high  frequency  fields  and  space 
charge  effects*.  Na  is  a  constant  of  integration ,  oi,  is  the  plasma  frequency  of  electron  beam. 
And  Q  =  0)  —  kvo:  —  ma>o,  ^  ^  —  i?*,  Qi  ~  +  MzO  +  M3 

, where  Mis  are  modified  coefficients  which  include  the  space  charge  effects.  Equation  (5) 
includes  two  kinds  of  instabilities  represented  by  two  singularities*  0=0  and  OJ  =  0  .  The 
former,  0=0,  has  been  investigated  in  detail  by  Liu^  So,  we  will  focus  on  the  0^  =  0  . 
Neglecting  the  space  charge  effects,  we  get  that  O,*  =  Oj  —  O*  =  0,  i.  e.  ,  there  exists  the 
inherent  oscillation  with  the  eigen  frequency  O,  =  '<J2  —  y  and  this  oscillation  may 

couple  with  the  electron  cyclotron  mode  (  O  =  «  —  fcvo,  —  mojo)  results  in  transverse 
oscillation  instability,  which  becomes  more  complex  when  the  space  charge  effects  are 
included. 


Let' s  apply  diagram  to  analyse  the  Oi  =  0*0,*  —  01  =  0 .  Defining  /j  (O)  =  0*0,*  =  —  O* 
4-  >lo*<ao*0*,  and  /2(0)  =  O,^  =  A/iO*  +  MjQ  +  Afs ,  we  get  the  curves  of  /i(0)  ~  Oand 
/aCO)  —  O  ,  as  shown  in  Fig.  2.  The  interswtion  problem  of  curve  /i(0)  and  curve  /zCO) 
is  discussed  by  Xiong  and  Liu*,  which  shows  that  curve  /j(0)  may  intersect  curve  jzi.Q') 
when  the  vintage  ?/o  is  larger  than  the  following  cirtical  value  (i/o)cni.i 


(t/o). 


_  p  /  r  mfjyt  v  i  —  /  -i,  '»o 

’  ^  ‘■2yo®«(l  -  /?0*)(2  -  fil,y  (Af  -  IS! 


_ fiSi 

8-)  2t\ 


(6) 


^KRt^-lSr 

where  t  is  the  radial  thickness  of  beam ,  m  is  the  number  of  azimuthal  harmonics.  As  a  rough 
estimation,  is  the  order  of  hundreds  of  volts,  so  we  obtain  Cfo  )>  (I7«)win  in  the 

general  case,  and  there  are  two  points  of  intersection  (  0„,0,2)  for/,(0)  and/jCO)  .  Then 
there  exixts  an  inherent  oscillation  in  EECRM  system ,  and  it  is  possible  for  coupling  between 


this  inherent  oscillation  and  the  cyclotron  mode*  resulting  in  the  transverse  instability.  The 
approximate  growth  rate  of  this  instability  has  been  worked  out  as  ’ 

/.((to)  =  (— — 1^4= - (7) 

4  /2  — 

where  ex  is  the  operating  frequency,  we  also  find  that  the  space  charge  effects  can  increase 
the  growth  rate®. 

CONCLUSION 

There  exists  a  critical  value  for  the  electrostatic  potential  Ud  which  affects  the  inherent 
oscillation  in  the  EECRM  system.  The  instability  Ql  —  0  may  still  exist  in  the  nonrelativistic 
case.  It  is  necessary  to  have  more  initial  kinetic  energy  of  electron  beam  in  order  to  overcome 
the  defocussing  effect  of  spece  charge  and  to  sustain  the  circular  orbit  motion  of  electrons. 
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Fig.  1  Schematic  diagram  of  EECRM  system 
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iSSTRACT 

A  HRV  radome  with  the  good  experimental  reaolta  was  dereloped.  Some  engineering 
problems  to  design  a  hl^  performance  KMW  radome  are  discussed. 

1.  IBTRODOCTIOH 

The  radome  is  an  extremely  important  component  in  an  airborne  radar  system.  As  we 
J*®**<>  there  are  many  typical  design  programs  and  products  for  CKW  radome.  However, 
it  seems  difficult  to  design  a  high  quality  HKW  radome  which  demands  not  only  hi^er 
transmission  coefficient  but  also  lighter  weight  and  hi^er  strength.  Especially, 
the  radome  material  loss  will  be  obvious  with  the  inereaaing  frequency.  Ve  have  to 
pay  attention  to  choose  the  proper  material  for  the  radome  in  MHW  band  besides 
design  the  radome  shape,  profile  and  thickness. 

2.  BASIC  PRINCIPIE 


As  shown  in  Fig. (1),  a  radome  is  used  to  design  in  the  single  solid  dielectric  wall. 
Vhen  the  thickness  d  satisfies  the  following  formula 


Pig.(1) 

As  a  result,  the  radome  strength  cann't 


2ri  €r— sins 

the  transmission  coefficient  of  the  radome 
will  be  rnaxium,  where  ff  the  angle  of 
incidence,  x.  the  wavelength,  dL  the 
thickness,  €r  the  relative  dielectric 
constant  and  n  the  integer.  Prom  the  above 
formula,  it  is  clear  that  the  thickness  d 
is  directly  proportional  to  the  wavelength 
X.f  so  that  the  wall  thickness  for  a  nw 
radome  will  be  more  thinner  than  CMV  one's, 
hlfil  the  engineering  requirement. 


Some  parameters  of  the  practical  radome  candidate  materials  are  given  in  Table  (1). 


Altunina 

9956 

jjKfl 

PI 

Resin-glass 

Laminate 

m 

9.6 

2.2 

HB 

4.14 

3x  10"* 

10"^ 

2.6 X  10"^ 

Table  (1) 


Csing  the  above  formula  and  parameters  in  Ihble  (1)«  «a  can  list  the  numerical 
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results  of  thickness  d  In  Table  (2)  with  n  »  1,&*  0,  X®  8.6oa  and  'J2m. 


^'^--^^d(mm) 

Aluoina 

99?5 

PTFE 

n 

Resin-glass 

Laminate 

8.6 

1.39 

2.90 

2.33 

2.11 

32 

5.16 

10.71 

8.68 

7.86 

Table  (2) 


Considering  the  electrical,  oechanical  and  enviroaental  properties,  the  ffiV  radoae 
made  of  inorganic  material  with  the  thickness  d  =  1,39  is  not  reasonable.  On  the 
other  hand,  the  FMU  radomes  made  of  organic  materials  or  composite  materials  are 
Btiitable.  It  is  necessary  to  choose  a  proper  organic  or  composite  material  for  the 
RRV  rad one* 


3.  CHOICE  OF  MATERIAL 

In  general,  the  lower  loss  tangent,  higher  strength  and  good  heat  resistance  are 
criteria  for  choice  of  radome  wall  material.  Comparing  the  organic  and  composite 
materials  listed  in  Table  ( 1 ) ,  we  have  to  know  the  merits  and  demerits  each  and 
every.  In  the  MMW  radome  design,  the  loss  tangent  of  the  resin-glass  laminate  is 
too  high  to  use  and  the  PTPE  is  better  than  PI.  However  the  strength  of  PTFE  is 
lover  than  that  of  PI.  When  the  MMW  radome  is  set  on  the  missile  or  vehicle,  the 
heat-resistance  of  material  will  be  important.  The  limited  temperature  of  PTFE  is 
25C*C,  PI  316*C  even  more.  But  the  PTFE  seems  flexible.  For  our  practical  purpose, 
we  have  developed  a  new  t3rpe  composite  material  which  consists  of  PTFE  as  the  base 
and  glass  fibre  as  the  reinforcement.  In  the  MHW  band,  the  dielectric  constant 

6r=  2.8,  loss  tangent  tg^  =  10*”^.  The  strength  of  the  MMW  radome  has  been  also 
improvtid  greatly, 

4.  EXPERIKEJITAL  RESULTS 

Three  radome  in  KMW  band  were  developed.  They  are 

(1)  a  half-wave  single  wall  radome  with  PTFE, 

(2)  a  half-wave  single  wall  radome  with  the  new  composite  material, 

(3)  a  half-wave  single  wall  radome  with  the  resin-glass  laminate. 

The  transmission  coefficients  of  these  radomes  were  measured.  The  results  are  listed 
in  Table  (3)« 


IS 

ID 

(2) 

1 

(3) 

0 

98.2 

96.6 

87.1 

30 

97.7 

94.6 

71.2 

Table  (3) 


It  is  clear  that,  in  the  MMW  hand  the  new  composite  material  reinforced  with  glass 
fibre  laminate  can  be  used  for  the  reidome  wall.  A  practical  MMW  streamline  radome 
of  full-wave  length  (n  =  2)  is  made  of  this  new  reinforced  material  in  our  laboratory 
The  transmission  coefficient  t  *  80^  and  press— resistance  P  =  6  Kg/cm*’.  By  the  way, 
we  have  to  mention  that  this  new  reinforced  material  is  cheap  and  flexible.  In  the 
MMW  band,  this  reinforced  material  will  open  up  broad  prospects  ^or  engineering 
applications. 
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Abstract 

A  shielded  suspended  coupled  dielectric  guide  was  analyzed 
using  the  effective  dielectric  constant  method.  The  dispersion 
characteristics  of  shielded  suspended  coupled  dielectric  guides 
have  been  plotted  for  various  dimensional  parameters.  From  the 
dispersion  characteristics  the  wave  impedances  have  also  been 
derived.  By  computing  the  even  and  odd  mode  propagation 
constants,  various  directional  couplers  have  been  obtained. 
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ABSTRACT 

A  simple  and  accurate  approach  for  analysis  of  dielectric  periodic  stnctuns  is  proposed  in  this  paper. 
The  method  combines  the  coupled- mode  theory  with  Floquet  theory  and  joins  the  eigenmode  expansitm  with 
the  space  harmonic  expansion  properly.  Aa  a  result,  the  whole  analysis  procedure  is  significantly  simplifid. 
Numerical  results  for  the  filter  characteristics  of  some  dielectric  periodic  strctures  show  that  the  present 
method  is  efFective,  accurate  and  useful. 

INTRODUCTION 

Dielectric  periodic  structures  have  been  of  increasing  inq>ortance  in  optical  and  millimeter  wave  ^plica¬ 
tions.  In  nearly  every  ^plication,  the  most  significant  quantities  describing  the  behaviour  of  the  periodic 
structures  are  the  dispersion  curves.  Therefore,  the  dispersion  analysis  of  these  structures  is  of  essential  sig¬ 
nificance.  There  are  a  lot  of  methods  used  to  analyze  the  dispersion  characteristics  of  the  dielectric  periodic 
structures:  two  representitives  of  them  are  coupled-mode  approach{l]  and  Floquei-Bloch  expansion  method.(2] 
The  former  expands  Gelds  in  the  periodic  structures  in  terms  of  eigenmodes  in  unperturbed  waveguide  and 
offers  relatively  simpler  analysis  procedure  with  an  assumpsion  that  the  periodic  layer  act  as  only  a  small 
perturbation  in  a  planar  multilayered  medium.  This  approximation  yields  good  results  only  if  the  periodic 
change  is  sufficiently  small,  so  that  its  use  may  produce  erroneous  results  in  many  practical  cases.  The  latter 
uses  an  expansion  of  the  Gelds  in  terms  of  Floquet  space  harmonics  and  the  propagation  of  EM  waves  along 
periodic  dielectric  structures  b  formulated  as  a  rigorous  boundary  value  problem.  The  rigorous  treatment 
gives  very  accurate  results.  However,  it  b  rather  eompiex  and  requires  time  consuming  and  elaborate  high 
precbion  computer  program  to  yield  accxirate  quantitative  results,  it  is  not  ecconomic  from  viewpoint  of 
engineering.Be3ides,  the  Floquet  method  is  not  so  convenient  to  use  in  analyzing  the  periodic  structures  in 
which  tile  groove  profile  b  not  in  exactly  rectangular  form. 

In  thb  paper,  we  propose  a  simple  but  accurate  approach  for  analysis  of  the  dfielectric  periodic  structures. 
The  approach  combines  the  coupled  mode  theory  with  Floquet  theory  and  joins  the  eigenmode  e-xpansion 
with  the  space  harmoinc  expansion  properly.  As  a  result,  the  whole  analysis  procedure  b  significantly  simli- 
fied.  Numerical  e.xamples  show  that  the  present  method  is  effective,  accurate  and  useful. 

THEORY 
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The  dielectric  periodic  etnictares  cmuridned  hci*  are  depicted  ia  the  iaeeci  at  Fif  J  md  FIfJZ.  The  for* 
mcr  is  the  grating  meifiiim  with  periodic  modolarioB  of  its  pcnaittiritj,  and  the  Utter  is  the  gnttag  Ugrer 
with  rectangoler  comgations.  In  the  present  analjrris  the  transeersal  bids  in  the  dielectric  periodic  stractnies 
are  expanded  bjr  the  eigenmodes  at  the  nnpertnihed  waeegnide  as: 


H,(x,if,x)  »  (1) 

where  Of  are  the  eigenmodc  fonctions;  and  a^(s),6^(x)  are  lespecthrchr,  the  model  applitodes  of  the 
forward  and  the  backward  traeel  waves  along  the  s  axis.  By  sabstitating  the  model  expansions  into  MaxweS’s 
eqnations,  a  set  of  conpkd  dVerential  equations  for  ampfitade  of  each  mode  is  obtained: 


db^iz)/dz-j0,^b^iz)  -  (2) 

where  0^^  is  z  component  of  0^,  the  propagation  constant  at  the  eigenmode  in  the  unperturbed  wavegnide, 
which  can  be  obtained  with  transverse  resonance  technique.  The  coupling  coefficient  K~^  in  Eq.  (2)  are  given 
by: 

e+oo 

/  An*(i,  *)(af op  +  ej<*)d*  (5) 

Because  the  refraction  An*(x,s)  is  a  periodic  function  of  a,  it  nuqr  be  expanded  in  terms  of  Fourier  series 
such  that: 


An*(x,s)  »  ]^c/(x)exp(-/l2xs/d)  (4) 

I 

where  d  is  the  periodicity  of  the  structure. 

When  the  surface  waves  propagate  in  the  direction  normal  to  the  grating,  the  resulting  two*dimensiona] 
boundary  value  problem  is  scalar  and  the  TE  and  the  TM  modes  remain  independent  from  each  other,  for 
TEo  mode,  the  Eq.(2)  reduces  to  following  equations: 

da;,(z)/ds +  y^^o^(s)  K  -jKTEiaz(z)  +  b^{z)) 

db^(z)/dz-j0^b^{z)  ■*  +  (8) 

where 


^T£  «  YlKi  exp  {—jl2xz/d) 

I 

*  wcfl  f  ei{iz)e^*dx  (•) 

•'St 

Frwn  Eq.(5),  we  obtain  the  following  equation: 


d*o,/ds*  +  0la^  +  20^KrBa^  -  idKTBldz)fKTe{‘ia0/dz  +  -  0 


(7) 


If  the  term  (dKTK/ds)/KTE)  (7)  u  negHpble,  whidi  cooeeponds  to  the  case  of  gradiud  Tariatioa  of  the 
coopfing  coefficient  abng  the  periodic  direction,  Eq.(7)  becomes  the  foDoering  an^>ler  fonn: 


+  20fKTEO0  *  0  (®) 

£<(.(?)  and  (8)  are  the  second-order  wduar;  linear  <hffcrertial  eqoations  with  periodic  coefficients.  According 
to  Fkxpiet’s  theorem,  the  ampBtode  af,(z)  may  be  expanded  in  tenns  cl  qiace  hannoiic  ware  as: 


(*)  *  H  «P  (®) 

II 

where  K(| »  kjl'o  -4-  2xn/d  and  kf^  is  the  propagation  constant  of  the  fwmdamental  mode  in  diciectrk  periodic 
rinctnre.  Snbstitning  (9)  into  (7)  or  (8),  we  get  foOowing  system  of  linear  homogenons  equations: 

+  (2T//d)C/9»  -  -  0  (10) 

/  f 


or 


iPl  -  +  20,  -  0 

I 

Eq.(lO)  and  (11)  can  be  written  in  a  matrix  form; 


(11) 


SA>0 

A  nontrhrial  sohition  for  A  exists  oidy  if  the  following  determinant  equation  holds: 


(12) 


det(5)  «  0  (13) 

The  dispersion  characteristics  of  the  periodic  stractore  is  gi^en  by  seeking  the  root  of  the  dispersion  equation 
(13)  numerically. 


NUMERICAL  EXAMPLES 

To  verify  the  vaBdity  of  the  present  approach,  two  dielectric  periodic  structures  show  in  the  inset  of  Fig.l 
and  Fig.2  are  considered,  which  are  of  current  practical  interest. 

Fig.l  g^es  the  stopband  characteristics  of  the  sinusoidally  modulated  periodic  structure.  The  curve  shows 
both  Re  (k^(,d)  and  Im  (k^gd)  around  Re  (ifo^I)  =3.14159,  where  the  Bragg  condition  is  satisfied.  A  compar- 
bon  between  the  results  obtained  by  different  methods  u  abo  given,  very  good  agreement  has  been  found. 
Since  Floquet  method  u  recognized  as  rigorous  and  accurate  one,  the  effectiveness  and  the  accuracy  of  the 
present  approach  u  thus  justified. 

Fig.2  shows  the  dispersion  curve  for  TE  mode  along  a  rectangular  profile  grating  in  immediate  vicinity 
of  the  stopband.  The  results  obtained  by  coupled-mode  approach  b  also  given,  it  can  be  found  from  the 
curves  that  the  stopband  position  calculated  by  the  present  method  b  at  Re  (kfgd)  »  3.1416  ,as  it  should 
be  according  to  the  Bragg  condition,  whereas  at  Re  (k^gd)  =  3.15  calculated  by  the  couple-mode  approach, 
therefore  the  accuracy  of  the  present  method  b  further  justified  from  the  other  side.  Besides,  there  are  some 
difference  of  the  center  frequences  and  bandwidth  of  the  stopband  between  different  methods.  It’s  beUeved 
that  the  present  ^proach  should  be  more  accurate. 


Fig.  1  Variation  of  kgod  with  d/A  for  the  sinnsoidaOy  modnlated  medimn 


Fig.  2  The  dispersion  charactenstics  of  rectangular-profile  grating 
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Characteristic  Impedance  of  Waveguides 
and  a  Design  Method  for  Two— section 
Quarter— wave  Transformers 
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By  using  the  correct  rectangular  waveguide  impedance,  the  design  of  high 
performance  quarter- wave  transformers  is  made  possible.  This  paper 
presents  an  improved  design  method  for  two-section  maximally  flat 
transformers,  which  makes  better  use  of  waveguide  impedance  pecuJ iarities. 

Each  pair  of  standard  rectangular  waveguides  is  analyzed  (twenty 
kinds  of  waveguides  connections,  corresponding  to  1.7-140.0  GHz).  The 
results  show  that  our  designs  provide  more  than  a  40-dB  return  loss  (VSWR 
1.02)  for  almost  all  pairs  of  waveguides,  in  both  overlap  and  wide 
bandwidths. 


1.  Characteristic  Impedance  of  Rectangular  Waveguides 

Obtaining  a  reflection  coefficient  at  a  point  where  waveguides  connect, 
requires  the  use  of  the  correct  characteristic  impedance  of  waveguides. 

The  correct  impedance  of  rectangular  waveguides  is  listed  below.  This 
impedance  has  been  theoretically  obtained. 


KwT  vacuum  impedance,  bk;  arbitrary  constant, 

IcI  cut-off  wavelength,  Xl  wavelength  in  vacuum.  (Fig.  1) 

There  are  two  methods  for  analyzing  waveguide  electric-magnetic 

characteristics.  One  is  to  directly  solve  the  characteristic  differential 

equations  resulting  from  Maxwell's  equations.  This  method  is  especially 

useful  for  tapered  waveguides.  The  other  is  to  calculate  transfer 

T-matrixes,  which  is  useful  for  raultisection  flat  waveguides.  Each  method 
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obtains  the  saoe  results  both  theoretically  and  nunerically.  When 
applying  the  T-matrix  Method  to  multiscction  quarter-wave  transformers 
(Fig.  2),  the  conposed  T-iatrix  is 

[rt3=[T,]  [T^l  ...[T.]  .  --(i) 


©„+i=0  ***(4) 

Additionally,  the  composed  reflection  coefficient  is 

r  =  T,E/T22  -“(S). 


Fig.l  Rectangular  waveguide  Fig. 2  Multisection  waveguide 
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2.  Theoretical  Design  Method  for  Maximally  Fiat  Transformers 
By  using  the  correct  characteristic  i'lpedance 
(1),  it  is  possible  to  design  raultisection 
quarter-wave  transformers  that  exhibit  excellent 
performance.  Our  results  show  that  if  only  the 
TEIO  mode  exists,  one-  or  two-section 
transformers  can  obtain  a  return  loss  of  almost 
more  than  40  dB  in  both  overlap  and  wide 
bandwidths.  Here,  we  present  the  two -section 
maximally  flat  transformers  (Fig. 3)-  The 
conditions  to  maximize  return  loss  at  a  frequency  fs  are  as  followsr 

(Zh/Z.)  ^=Z3/Zo  •'•(6) 
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Fig. 3  Two-soot  ion  quarter-wave 
T  ransf ormer 
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(X«3^— Aflo®)  (XgH  wavelength  in  waveguide) 


(7) 
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3.  A  New  Design  Method  Based  on  Maximally  Plat  Transformers 

Conditions  (6) -(8)  result  in  a  very  effective  transformers.  However 
they  do  not  take  into  account  waveguide  peculiarities-  One  peculiarity  is 
that  both  input  and  output  waveguides  have  a  common  frequency  fp  where  the 
impedance  of  the  two  waveguides  matches.  If  each  section  of  a  quarter- 
transformer  has  the  same  impedance  as  the  input  and  output  waveguides  at 
fp,  all  impedance  is  perfectly  matched  at  the  frequency  fp.  The  conditions 
for  this  are  as  follows! 


The  design  of  two-section  quarter  transformers  has  »ur  free  parameters, 
ai,  -aZ,  bl  and  b2  (the  length  of  the  transformer  depends  on  the  wavelength 
in  the  waveguide,  which  is  determined  by  al  or  aZ).  That  means  four 
conditions  play  a  part  in  the  shape  of  a  two-section  transformer. 

Condition  (8)  is  relatively  less  effective  than  (6)  and  (7) .  Therefore, 
by  choosing  conditions  (9)  and  (10)  instead  of  (8),  it  is  possible  to 
design  a  system  that  takes  advantage  of  both  the  maximally  flat  method  and 
the  fp  peculiarity.  Whe.i  a  wide  bandwidth  is  used,  in  which  both  fs  and 
fp  are  included,  the  new  design  method  will  possibly  get  better  results 
than  the  ordinary  maximally  flat  method. 

4.  Numerical  and  Experimental  Results 

One  result  is  shown  in  Fig. 4.  The  input  waveguide  has  a=22.900  mm, 
b=10.200  mm  and  the  output  waveguide  has  a=28.500  ram,  b=12.600  ram. 

When  a  bandwidth  is  between  8.2  GHz  and  12.4  GHz,  the  new 
design  method  results  in  a  rainimax  return  loss  of  45.35  dB,  while  the 


maximally  flat  method  results  in  one  of  43.18  dB.  Which  method  gets 
better  results  depends  on  where  the  frequency  fp  exists.  In  actual 
application,  higher  modes  should  be  considered.  In  that  case  the  two 
methods  get  almost  the  same  results,  and  our  experimental  data  closely 
coincide  the  theoretical  results. 


Fig. 4  A  result  comparing  the  maximally  flat  method  and  the  new  method 
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Xa  Shaojia  and  Wa  Xinxhanf 
Department  of  Ra^o  and  Electronics 
Unhrernty  of  Science  and  TechnoloQr  of  China 
Hefei,  Anhui,  2S0026,  Pil.China 


ABSTRACT 

Dispersion  characteristics  of  a  circular  cylindrical  dielectric  waveguide  with  periodic  metallic  strips  arc  an* 
alyzed  by  a  rigorous  formnlation.  The  Biter  property  of  the  metallic  strip  loaded  structure  is  carefofly 
investigated  for  both  T£  and  TM  modes.  On  the  basis  of  the  analysis,  some  nsefull  guidelines  for  the  design 
of  the  filter  are  thereby  suggested. 

INTRODUCTION 

The  miSimeter'wave  region  is  increasinj^  uUlized  for  various  systems.  It  has  generated  a  need  for  de* 
veloping  new  types  of  filters  and  aiteiuias  to  suit  the  various  constraints  imposed  by  these  systems.  In  1986, 
a  new  type  of  circular  cylindrical  dielectric  periodic  structures  were  proposed.[l]  It  is  a  circular  cylindr^al 
dielectric  waveguide  with  corrugations  which  is  used  as  an  omni-directional  leaky  wave  antenna  and  has  been 
investigated  theoreticaly  and  experimeatly.{2]  [3]  In  this  paper,  a  circular  cylindrical  dielectric  waveguide  with 
periodic  metallic  strips  b  analyzed  by  a  rigorous  formulation.  Since  the  radiation  properties  of  the  periodic 
structure  can  be  analysed  in  a  similar  way,  only  the  filter  propertb  are  carefully  studied  for  both  TEq]  and 
TMoi  modes  here.  The  theoretical  analysb  b  essentially  the  same  as  the  spectral  domain  approach,  {6j  which 
b  a  powerful  tool  for  the  analysb  of  the  striplines.  In  thb  pap<r,  the  briliioum  diagrams  for  TEoi  and  TMoi 
modes  are  given.  On  the  basb  of  the  analysis,  some  useful  guideline  for  the  design  of  the  filters  are  thereby 
suggested. 


ANALYSIS 

Fig.l  shows  the  geometry  structure  of  the  cylindrical  dielectric  waveguide  with  periodic  metallic  str^s  and 
the  coordinate  system  for  the  present  analysb.  We  aMume  that  the  fields  are  invariant  in  the  d  direction,  so 
that  TE  and  TM  modes  can  be  considered  respectively.  Since  both  TE  and  TM  modes  can  be  analb^zed  in  a 
simflar  way,  we  will  consider  only  the  TE  modes  for  simplicity.  FVom  Maxwell's  Eciuations,  the  electromag¬ 
netic  fields  for  TE  modes  can  be  expressed  in  different  region  as  follows: 

In  Region  I  0  5  r  <  o 


~  jjj - **P 

«=— oo  kftt  r 


(1) 
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(2) 
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where 


Fig.l  Confignratioo  of  circular  cylindrical  dielectric  waregnidc 
with  periodic  metallic  strq>s. 
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The  boondary  conditions  at  r^a  are  given  by: 


p  p  /»  .i  •  j  ®  metallic  strips  (0  <  s  <  di) 

E^i{a,z)  =  .  J  othenrise(rfi  <  s  ^  d) 


where  and  /^(s)  are  respectively,  the  nnknown  electric  fields  in  the  slot  and  the  nnknown  surface 

current  density  m  the  metallic  strip.  From  Floquet  theory,  we  can  expand  them  as  follows: 

-  E  «*p(~i**"*) 


From  Eq.(l)  -  (11),  we  have: 


-Jufto  1  f 


where: 


On  the  other  hand,  we  can  expand  the  unknown  surface  current  in  terms  of  known  basis  functions 
q,'(s),  and  »j,  (z)  must  satisfy  Floquet  theory,  i.e. 

=“  E®'^(*) 

i*=l 

CO  00 

®  E  E®'’'"”p 

sw-oor'at  ... 


Conquiing  (14)  with  (11),  we  get: 


bacrtmg  (15)  into  (12),  we  obtain: 


(15) 


-jufta  1 


(i«) 
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Mnit^ljring  (15)  by  7^^  ^  °  obtain  the  foDowhif  matrix  cqnatioai: 


—JUIMt  ^  Viu^pm 

a  ^  r* 


Ci 


E 

«— oo 
1 

-  j  E^tipd-  (Pareeral  Equation) 


=  0 


that  is: 


where  : 


Rc  »  0 


e<»e, 


Ri,  -  Er— c 

A  notrival  solution  for  (18)  exsHs  only  if  the  foQowing  determinad  equation  holds: 
detS. »  0 


(17) 

(18) 
(1*) 
(20) 


The  equation  (20)  is  the  general  form  of  the  dispersion  relation  of  the  circular  cylindrical  dielectric  wxreg- 
uide  with  periodic  metallic  strips.  It  though  simple  in  form,  involves  matrix  of  infinite  order  which  must  be 
truncated.  The  accurate  depends  on  the  order  of  the  truncated  matrix  w  the  number  of  the  terms  of  the 
basis  function  and  the  nundaer  of  Floquet  modes  retained  in  the  analysis. 

NUMERICAL  RESULTS 

The  solution  accuracy  of  the  present  analysis  is  influenced  by  the  choice  of  basis  functions.  If  the  exact 
current  distribution  on  the  metallic  strip  is  given,  the  solutions  becomes  exaa.  In  the  present  paper,  the 
following  forms  have  been  chosen; 


cos((«  —  l)xz/di)  0  <  s  di 

for  TE  modes 

0  di<z<d 


(21) 


6(*)  = 


sin  (t>s/di) 
0 


0  <  *  ^  di 
di  ^  a  <  d 


for  TM  modes 


(22) 


Although  the  current  in  the  circular  direction  tends  to  concentrate  at  the  edges  of  the  metalfic  strip,  this 
effect  is  approximately  taken  into  account. 


Fig.2  and  Fig.3  show  the  typical  dispertion  diagram  for  TEgt  and  IMoi  modes  respectively.  The  enlarge 
dispersion  curve  at  vicinity  of  stopband  is  also  shown  in  the  iiuet  of  Fig.2  and  Fig.3.  As  expected,  the  Bragg 
reflection  occurs  at  «  x.  For  frequencies  in  this  region,  k|  ^  -  ja  b  complex.  Thu  stopband  results 
from  the  coupling  between  n  «  0  space  harmonic  of  forward  waves  and  n  =  -1  space  harmonic  of  backward 
waves.  Thu  phenomenon  can  be  applied  to  bandrejcct  filters.  In  a  forbidden  region  above  the  two  lines 
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Fig.3  Dispersion  diagram  for  TMoi  mode 


kd  =  ^d  and  kd  *=  2?r  —  0i,  the  surface  wave  couples  to  a  leaky  wave  that  radiates  outgoing  beams.  Here 
considerations  is  given  to  the  guiding  rather  than  scattering  properties- 
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ABSTRACT 

In  this  paper,  the  new  technique  of  time-domain  analysis  of  discontinuities  in 
a  planar  transmission  line  is  presented.  In  the  process  of  time-domain 
analysis,  the  analysis  model  of  system  and  the  concept  of  transfer  function 
are  employed  and  the  frequency- domain  method  of  lines  and  the  technique  of  the 
fast  Fourier  transform  are  used.  The  result  shows  this  method  is  very  simple 
and  calculating  time  can  be  greatly  reduced. 

INTRODUCTION 

In  recent  years,  using  the  method  of  lines  to  analyse  the  characteristics  of  a 

planar  transmission  line  has  been  developed.  But,  the  app*’'’ation  of  the 

time-domain  method  of  lines  began  just  now.  In  1989,  S.Nam  and  H.Ling  first 

proposed  the  time-domain  analysis  method  of  lines  of  a  plauiar  transmmision  *■ 

line.  But,  using  that  method,  when  the  number  of  time-points  is  large,  the 

calculating  time  will  be  very  long.  Using  the  method  presented  in  this  paper, 

the  calculating  time  can  be  greatly  reduced  becuase  of  employing  the  technique 

of  the  fast  Fourier  transformlFFT).  Specially,  when  the  number  of  time-points 

is  very  large,  its  advantages  will  be  more  Clear. 

THEORY  ANALYSIS 

Because  the  relation  between  a  field  distribution  and  an  input  signal  is 
linear  in  a  planar  tramsmission  line,  the  planar  transmission  line  can  be 
analysed  as  a  linear  network.  The  analysis  model  of  the  linear  system  and  the 
concept  of  transfer  function  can  be  employed.  The  analysis  model  is  shown  in 
Fig.l. 
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Fig.l  the  analysis  model  of  linear  system 
In  time-domain,  the  relation  between  the  input  signal  and  the  output  response 
is  expressed  in  equation!  1). 


y(tl=h(t)*x(t) 


(1) 


To  transfer  to  frequency-domain: 

Y((j)=H(w)^X(w)  (2) 

where  Y(w),  and  X(w)  are  Fourier  transform  expressions  of  y(t),  h(t)  and 

x(t),  respectively.  When  the  input  signal  is  an  ideal  pulse,  there  are: 

x(t)=6(t)  and  X(w)=l  (3) 

From  equations!  1)  and  (21,  we  can  obtain: 

y!t)=h!t)  !4) 

Y(o)=H(«)  (5) 

Equations!4)  and  !5)  indicate  the  transfer  function  hit)  of  system  is  equal  to 
the  impulse  response  of  system.  If  the  transfer  function  has  been  solved,  the 
output  response  can  been  easily  obtained  for  any  definite  input  signal. 
According  to  the  above  principle,  to  solve  the  field  distribution  of  a  planar 
transmission  line  for  a  definite  input  signal  equates  to  solve  the  output 
response  of  system.  The  analysis  method  of  system  can  be  employed. 


FORMULATION  AND  PROCEDURE  OF  THE  METHOD 


Let  us  consider  a  planar  transmission  line 
with  discontinuity  shown  in  Fig. 2.  It  is 
assumed  that  the  structure  has  spatial 
sysmmetry  in  v  direction,  so  that  the 
problem  can  be  reauced  by  factor  2. 

A. the  Fourier  transform  of  the  input  signal 
First,  the  input  signal  is  transfered  to 
freguency-domain  with  the  Fourier  transform.  Supposing  .y(t)  donates  the  input 
signal,  its  frequency-domain  expression  can  be  found  by 

X 

X(«)=|  x!t)e"'^'''*dt  (6) 

Secondly,  the  operating  frequency  band  is  discretized.  Because  the  planar 
transmission  line  has  band  pass  characteristic,  for  using  the  technique  of 
FFT,  it  is  necessary  to  expand  periodically  and  to  discretize  in 
frequency-domain.  In  order  to  regain  the  continuous  Fourier  transform  waveform 
by  the  sampl*;'  values  of  discretized  points,  expaning  and  discretizing  in 
frequency-domain  must  satisfy  the  frequency-domain  sampling  theorem  and  the 
time-domain  sampling  theorem  respectively.  Thus,  the  discretized  frequency 


Fig. 2  a  step  microstrip  line 
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-points  and  the  sample  values  of  the  input  signal  at  these  points  are  defined. 

B.full-wave  analysis  of  a  planar  transmission  line  using  the  method  of 
frequency-domain  lines: 

For  the  structure  of  planar  transmission  line  with  discontinuity  shown  in 
fig.2,  we  apply  the  hybrid  homogeneous  boundary  conditions  to  solve  the  field 
distribution  in  the  discontinuity  region  with  and  v>  being  discretized  only 
in  and  near  the  discontinuity  region.  This  approach  avoids  solving  the 
eigenvalue  equation  and  simplifies  the  calculation! 3]: 

£!s7x7x(r;)*z)/(j6)c  )-7,  (7) 

(8) 

Functions  y>  and  V>^  are  discretized  in  x  and  z  directions  with  unequidistant, 
then  they  will  be  denoted  by  matrices  [P*]  and  [ ],  respectively. 

We  take  the  incident  wave  as  the  impressed  wave,  denoted  by  and  the 

reflected  wave  as  the  excited  wave,  denoted  by  P*  According  to  the 
transmission  line  theory,  in  the  homogeneous  regions,  there  are: 

<"(..7).-'“*  (91 

(X0( 

in  region  1,  in  region  2,  /?=(32. 

At  z»0  and  z=l+<x2,  v*  *’  and  P*  ^  satisfy  the  hybrid  homogeneous  boundary 
conditions: 


dp 


I  ,  E 


dZ 


ijBiai 


I.E 


z-ai 


=A 


I.E 


z>ai 


(11) 


dip 


I  .  E 


-j32a2 


I.E 


=-B  P 
z-l  I.E 


(12) 


With  the  method  proposed  by  Worm  et  a/.[2},  we  can  obtain 

,I.E 


u 

N 

t- 
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L 

U  X  ^ 

Strip 

5;"  J 

(13) 


for  strip  structures 

For  the  strip  structure  shown  in  Fig.2,  the  strip  region  is  split  up  into  two 
parts,  Le.  transmission  line  region  A  and  discontinuity  region  B.  The  sum  of 

H 

the  number  of  P  and  P  lines  in  region  A  should  be  larger  than  that  in  region 

T  E 

B.  By  rearranging  the  rows  and  columns  of  matrix  [Z  '  ],  we  obtain 

.I.E 


r[<"]  [<"] 

C  4'  ]  [  4'  ] 
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.I.E 

I.E 
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(14) 
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The  superposition  of  the  impressed  field  and  the  excited  field  must  satisfy 
the  tangential  condition  for  the  conductor  surface 


(15) 

E3*eJ+eJ=o 

(16) 

In  region  A,  the  field  distribution  is  homogeneous  in  Z  direction,  can  be 
solved  by  2-D  analysis  of  the  transmission  line  at  port  1.  has  the  relation 
with  as  follows 

(17) 


where  matrix  [P]  can  be  determined  easily- 

So  Jg>  and  can  be  solved  from  equations(14)~(17)  and  the  S  parameter  of 
the  discintinuity  region  can  be  calculated. 

C.the  inverse  Fourier  transform 

If  the  field  distribution  at  every  frequency-point  has  been  solved,  the 
time-domain  field  distribution  can  be  solved  easily  with  FFT.  Prom  the  feature 
of  the  Fourier  transform:  the  magnitude  spectrum  is  an  odd  function  of 
frequency  and  the  phase  spectrum  is  an  even  function  of  frequency,  we  can 
obtain: 

YR(k-H}aYH(N-k+l)  (18) 

- ,«/3> 

YI(k+l)=-YI(N-k+l)  (19) 

where  YB(k)  is  the  real  part  of  7<k)  and  TI(k)  is  the  imaginary  part  of  T(k), 
N  is  the  number  of  sampling  points  in  a  sample  period.  In  general,  Ns2'*, 

mal,2, - .  According  to  this,  if  the  field  distribution  at  N/2  frequency- 

points  has  been  solved,  the  field  distributiott  at  N  time-points  be  solved 
with  the  technique  of  FFT. 


CONCLUSION 

Appling  the  approach  described  above,  we  have  developed  a  computer  program  for 
analyging  the  characteristics  of  a  planar  transmission  line  with  step 
discontinuity  shown  in  Fig.2  in  time-domain.  The  calcxilating  results  show  this 
method  is  available  in  time- domain  analysis.  The  calculating  process  is  simple 
and  clear  and  the  calculating  time  can  be  reduced  greatly  comparaed  with  the 
other  methods.  This  approch  can  be  applied  to  variouB  planar  structures. 
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ABSTRACT 

In  this  paper,  the  new  approach  of  full-wave  anedysis  of  discontinuities  in  a 
planar  transmission  line  is  presented.  In  using  the  method  of  lines,  by 
introducing  the  hybrid  homogeneous  boundary  conditions,  the  field  distribution 
and  various  parameters  of  the  inhomogeneous  re-^ion  are  solved  according  to  the 
field  distribution  of  the  homogeneous  region  with  the  transmission  relation  of 
wave  in  both  regions.  Comparing  with  other  methods  of  analysis  of 
discontinuities,  this  approach  is  more  simple  and  more  accurate 

INTRODUCTION 

In  recent  years,  some  methods  of  analysis  of  planar  transmission  lines  have 
been  developed.  At  higher  operating  frequencies,  full-wave  analysis  is  more 
accurate  than  quasi-static  analysis.  The  method  of  lines  is  a  semianalytic  and 
semidiscrete  full-wave  analysis  method.  It  avoids  the  choice  of  basic 
functions  and  the  relative  convergence  problem.  This  method  not  only  has  been 
applied  to  anedyse  discontinuity  problems  on  the  Dirichlet  and  the  Neumann 
homogeneous  boundary  conditions,  but  also  on  the  hybrid  homogeneous  boundary 
conditions  [2],  [3].  But,  in  applying  to  the  hybrid  homogeneous  boundary 
conditions  to  analyse  the  field  distribution  in  discontinuity  regions[31,  the 
authors  considered  the  reflected  wave  existing  only  in  the  discontinuity 
regions.  We  consider  it  can  be  transmitted  to  the  homogeneous  regions  as  a 
new  "exciting  source".  According  to  this,  the  new  approach  of  full-wave 
analysis  of  discontinuities  is  presented.  In  this  paper,  this  method  is 
introduced  in  detail  and  an  illustrative  example  of  a  planar  transmission  line 
with  step  discontinuity  is  given.  The  result  shows  this  approach  has  higher 
accuraty  and  reliability. 

FORMULATION 

Let  us  consider  the  planar  transmission  line  with  discontinuity  shown  in 
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Fig.l.  We  apply  the  hybrid  homogeneous 
boundary  conditions  to  solve  the  field 
distribution  in  the  discontinuity 
region  with  y>  and  being  discretized 
only  in  and  near  the  discontinuity 
region.  This  approach  avoids  solving 
the  eigenvalue  equation  and  simplifies 
the  calculation[3]: 


Fig.l  a  step  microstrip  line 


£is7x7A(V>  z)/(jwc  )-7x(p  z)  (1) 

^=-7  <(V*'2)+7x7x(v)''z)/(j«/l/)  (2) 

9  h 

Functions  and  V  are  discretized  in  x  and  z  directions  with  unequidistant, 
then  they  will  be  denoted  by  matrices  [9>*]  and  respectively. 

We  take  the  incident  wave  as  the  impressed  wave,  denoted  by  and  the 

reflected  wave  as  the  excited  wave,  denoted  by  V*'  .  According  to 
the  transmission  line  theory,  in  the  homogeneous  regions,  there  are: 


a.h  _a.h  .  -j/Ji 

'Pj  =Cj  (x,y)e  •' 

(3) 

a.h  _a.h.  ,  ♦j(3i 

-Cg  (x.y)e 

(4) 

in  region  1,  in  region  2,  <3s32. 

As  z=0  and  z=l+a3,  yi*  *'  and  V*’’’  t 
conditions: 


satisfy  the  hybrid  homogeneous  boundary 


i,E  z-ai 


s-j/32C  =-b'v 


With  the  method  proposed  by  Worm  et  ai.[2],  we  can  obtain 

r  1  r  1 

>-  **  -I,E  -I.E 
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For  the  strip  structure  shown  in  Fig.l,  the  strip  region  is  split  up  into  two 

parts,  i.e.  transmission  line  region  A  and  discontinuity  region  B.  The  sum  of 

the  number  of  e  and  lines  in  region  A  should  be  larger  than  that  in  region 

I.E 

B.  By  rearranging  the  rows  and  columns  of  matrix  [Z  ’  ],  we  obtain 
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[  ] 
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The  superposition  of  the  impressed  field  and  the  excited  field  must  satisfy 


the  tangential  condition  of  the  conductor  surface 


{ 


*  *  A 


(9) 


E^=E^+E^=0 

In  region  A,  the  field  distribution  is  homogeneous  in  Z  direction,  can  be 
determined  by  j 

e,^  (JO) 


•’Lj''''!  ..o-r 


k-1 


(i=l,  2, - ,  N  ;  j=l,  2, 


N1  ) 


where  and  can  be  solved  by  2— D  analysis  of  the  transmission  line  at 

A  *«0 


port  1.  has  the  relation  with  as  follows 


N1  ♦! 

•Z 


Aij  Bll  k-j+1 

(i=l,  2, - ,  N  j=l,  2.-- 


(11) 


■-  Nl,,) 


So  we  have 


(12) 


where  matrix  [PJ  can  be  determined  by  equation(ll).  Taking  equations{8)  and 
(12)  into  (9),  we  can  obtain 

IZ;,]J;+{[Z^J[P]+(Z^3]}J3=-[2;,]J^  (13) 

From  equationsdS)  and  (14),  and  can  be  solved  and  then  can  be 
determined  by  equation(12)<  The  S  parameter  of  the  discintinuity  region  can  be 
calculted. 


CONCLUSION 

Appling  the  approach  described  above,  we  have  developed  a  computer  program  for 
full-wave  analysing  the  characteristics  of  a  planar  transmission  line  with 
step  discontinuity  shown  in  Fig.l  in  frequency-domain.  The  results  are  shown 
in  Fig.2  and  Fig. 3.  The  calculating  results  show  this  method  is  accurate  and 
available.  The  calculating  process  is  simple  and  clear  and  it  avoids  solving 
the  eigenvalue  equation.  This  approch  can  be  applied  to  various  planar 


structures. 
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Fig.2  Dispersion  characteristics  for  shielded  microstrip  lines 
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Fig.3  the  S  parameters  of  a  microstrip  step  discontinuity 
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ABSTRACT 

In  this  paper,  we  present  the  numerical  simulation  of  transient 
response  of  short  pulse  propagating  through  a  microstrip  step  junction 
on  anisotropic  substrate  having  a  tilted  optical  axis.  In  the 
simulation,  the  FD-TD  method  is  extended  to  treat  the  cases  having 
tilted  optical  axis  expressed  by  a  permittivity  tensor  with 
off-diagonal  elements.  The  results  show  that  the  dispersion  of 
transient  signal  caused  by  microstrip  step  discontinuities  is  quite 
significant  and  the  dependence  of  transient  characteristics  of 
microstrip  lines  on  the  tilted  angl"  of  optical  axis  for  anisotropic 
substrate  can  not  be  neglected. 

INTRODUCTION 

With  the  development  of  MIC  and  MMIC  the  transient  analysis  of 
microstrip  lines  with  anisotropic  substrates  has  attracted 
considerable  attent ionC 1-2!  .  Transient  analysis  of  electromagnetic 
field  is  useful  not  only  in  clarifying  the  field  response  but  also  in 
providing  information  on  the  mechanism  by  which  the  distribution  of 
the  electromagnetic  field  in  the  stationary  state  is  brought  about.  In 
general,  anisotropic  substrates  demand  an  exact  three  dimensional 
treatment  using  all  electromagnetic  field  components.  Furthermore,  the 
analysis  of  propagation  of  short  pulse  wave  requires  computation  in 
the  time  domain.  As  a  time  domain  vector  analysis  method  for  a  three 
dimensional  electromagnetic  field,  the  FD-TD  method  [3i  and  the  TLM 
methodtlJ  are  used.  For  the  problems  involving  anisotropic  medium,  the 
FD-TD  method  developed  so  far  is  difficult  to  formulate  the_  cases 
having  tilted  optical  axis  expressed  by  a  permitivity  tensor  e  witii 
off-diagonal  elements.  Koike  et  alfU  have  extended  TLM  method  to 
transient  analysis  of  microstrip  lines  on  anisooropic  substrate  having 
tilted  optical  axis,  but  the  effects  of  microstrip  step 
discontinuities  on  transient  response  have  not  been  included  in  their 
analysis.  In  this  paper,  we  -jextended  tiu?  FD-TD  method  to  the 
three-dimensional  vector  analysis  in  the  time  domain  for  dielectric 
material  with  a  tensor  involving  off-diagonal  elements.  ^In  cc^ntrast  to 
the  traditional  FD-TD  method.  The  field  components  E,  D,  H  are 
involved  in  the  set  of  difference  forms  of  maxwell’s  equations^  In  the 
simulation  procedure,  D  is  first  simulated  in  ^ime  domain,  E  is  then 
obtained  by  the  constitutive  relation  D  =c  E  .  In  comparison  with 
the  method  developed  by  CD,  less  memory  is  needed  in  the  extended 
FD-TD  method  proposed  in  the  paper. 

With  this  extended  FD-TD  method,  the  transient  response  of  short 
pulse  propagating  through  a  microstrip  step  junction  on  anisotropic 
substrate  having  a  tilted  optical  axis  is  numerically  simulated  in 
detail.  It  is  shown  that  the  transient  dispersion  caused  by  microstrip 
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step  discontinuities  is  quite  significant  and  the  dependence  of 
transient  characteristics  of  microstrip  lines  on  the  tilted  angle  of 
optical  axis  for  anisotropic  substrate  can  not  be  neglected.  The 
results  so  obtained  are  valuable  for  understanding  the  anisotropic 
substrate  orientation  effects  on  transient  response  of  microstrip  and 
the  design  of  MIC  and  MMIC. 

FORMULATION  FOR  THE  EXTENDED  FD-TD  METHOD 

The  structural  model  of  microstrip  lines  in  the  analysis  is  shown 
in  Fig.  1.  Both  conductor  and  dielectric  are  assumed  to  be  lossless. 
The  anisotropy  of  substrate  is  represented  by  the  following  dielectric 
tensor  when  the  structure  coordinate< x , y )  is  in  coincidence  with  the 
principal  optical  axes(€.n) 

r  Ee  0  0  1 


^0  0 


where  ^gis  the  permittivity  in  free  space.  If  the  n  coordinate 

system  is  tilted  with  respect  to  the  xy  coordinate  system  by  an  angle 
6,  as  shown  in  Fig.l.  The  permittivity  tensor  £  in  the  xyc  coordinate 
system  is  given  by 

fe  e  0  ] 

XX  *y 


C  s  C  C 

0  y  X 


C  0 
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where  e  «  e_cos^<9  +  £_sin^9 

XX  ?  n 

e  •  £  ■(£_  -  e-)sin©cosD  (3) 

yx  xy  r]  t 

c  =  +  e  cos^Q 

yy  ?  n 

In  contrast  with  the  conventional  FD-TD  method.  the  maxwell’s 
equations  are  written  as 


V  X  £  = 


1  d  H 


V  X  H 


Where  D  =  f  E  ( 5  ' 

Following  Yee ’ s  procedure ( 3 J ,  we  first  place  the  field  components 

on  the  mesh  as _ ^epicted  in  Fig. 2.  It  sould  be  pointed  out  that  the 

components  of  D  are  placed  in  the  same  position  as  ones  of  E.  Using 
Yee’s  notation,  the  difference  forms  of  Maxwell’s  equations  (4)  can  be 
constructured .  The  equation  for  D*  component  can  be  written  as; 

L 

i.j.k-t-l  , 

Ac  '  ' 

Where  Ax,  Ay,  Az  are  the  space  discretization  units  in  .x .  y,  z 
direction,  respectively,  and  At  is  the  time  increment  interval. 

For  computational  stability,  the  relation  among  A;v ,  Ay,  Az  and  At 
must  satisfy:  . 


where  is  the  maximum  pnase  velocity  in  the  configuration  being 


analyzed.  The  treatment  of  boundary  condition  on  the  metal  wall  and 
interface  of  dielectric  is  similar  to  our  previous  workC21.  J.  Fang’s 
modelt5-61  to  deal  with  the  absorbing  boundary  condition  at  the  end  is 
utilized  in  the  analysis. 

NUMERICAL  SIMULATION  AND  RESULTS 

For  the  numerical  simulation  by  the  extended  FD-TD  method, 
Gaussion  short  pulse  is  to  be  chosen  because  of  its  smooth  property  in 
time 

g(t)  =  exp^-^~--|^-  j  (8) 

At  the  initial  excitation  instant,  the  spatial  distribution  of 
electronmagnetic  field  is  supposed  to  be  uniform  in  the  exciting  plane 
and  under  the  metal  strip  only  the  normal  field  components  are 
considered . 

The  parameters  of  the  model  to  be  analyzed,  as  shown  in  Fig.l,  are 
as  follows.  The  elements  of  dielectric  tensor  are  e^=9.4, 

E  =13,  the  width  of  metal  strip  N  ,»6{for  uniform  microstrip), 

microstrip  step  discontinuity),  the  dimension  of  microstrip 

lines  N^=15  N^=8  N^=28  N^^=65  N^=120,  and  Ax=Ay=Az ,  CAt/Ax=  .515,  for 

the  initial  Gaussion  pulse  T=140At,  t^=300At. 

The  typical  effects  of  step  discontinuity  on  the  dispersion  of 
Gaussion  short  pulse  wave  propagating  along  uniform  and  step 
discontinuity  microstrip  lines  in  which  the  tilt  angle  6  of  the 
optical  axis  is  equal  to  zero  are  shown  in  Fig. 3.  We  can  find  that  the 
amplitude  of  pulse  after  step  junction  is  smaller  than  that  propating 
along  uniform  microstrip  at  the  same  position.  Comparing  the  wave 
amplitudes  just  before  the  step  junction,  the  signal  for  the  case  of 
step  discontinuity  is  smaller  than  that  for  the  uniform  case,  which 
can  be  explained  by  the  reflection  from  the  step  junction. 

Fig. 4  demonstrates  the  effects  of  tilt  angle  0  on  the  distortion 
of  the  Gaussion  short  pulse  wave  scattered  by  microstrip  step 
junction.  It  is  evident  that  the  transient  response  of  microstrip  is 
obviously  affected  by  the  change  of  G,  the  Gaussion  pulse  at  6=0  is 
lead  to  those  at  0=n:/3.  The  results  is  coincident  with  l2!, 
qualitatively . 
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Fig.l  the  microstrip  structure  with  anisotropic  substrate 
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EFFICIENT  ANALYSIS  OF  FINLINE  STRUCTURES  BY 
THE  BOIMOARY-ELEMENT  METHOD 


Bln  Song  ,  Junaei  Fu 

(Xi'an  Jiaotong  Univarsity,  Xi'an,  P.R. China) 


ABSTRACT 

A  houndary-eleaent  Method  is  presented  lor  the  rigorous  investigation  of  a  generalized 
finline  configuration.  The  aethod  is  accurate  and  covers  the  aetallizat ion  thickness, 
aounting  grooves,  and  arbitrary  cross  sections.  By  this  approach,  calculations  can  he 
performed  using  far  fewer  nodes  than  by  the  finite-element  method.  To  show  the  efficiency 
of  this  approach,  two  examples  are  given. 

INTRODUCTION 


A  variety  of  planar  transmission  lines  are  used  in  newly  developed  millimeter-wave 

circuits.  Among  these,  finline?  are  widely  employed,  allowing  high  flexibility  in 

ciicuit  realization.  Up  to  now.  many  papers  have  been  publisned  describing 
experimental  and  theoretical  investigation  of  finlines.  However,  most  of  the  methods 
either  have  restricted  application  or  require  a  large  computer  memory  and  long 

computing  time,  e.g.,  the  modified  mode-matching  technique  [1]  and  the  transverse  resonance 

methodiJil  can  only  study  structures  of  regular  cross  sections  ,  and  the  finite-element 

methodCFEM)  may  handle  arbitrary  cross-sectional  geometries (3] ,  but  the  number  of 

nodal  points  divided  is  very  large,  so  the  CPU  time  required  is  considerable.  The 

purpose  of  this  study  is  to  develop  a  very  general  boundary-element  procedure  which 
can  analyze  generalized  finline  configurations  of  arbitrary  cross  sections  .  including 

finite  metallization  thickness,  subslraled  mounting  grooves,  asymmetric  structures,  and 
more  than  one  dielectric  region.  The  boundary-element  method(BEM)  proposed  in  this 
paper  has  a  few  merits,  i.e..  the  required  size  of  the  computer  memory  being  small, 
the  computation  time  being  short  and  the  results  obtained  having  fairly  good  accuracy. 

THEORY 


Consider  a  waveguide  nf  arbitrary  shape  which  is  uniform  in  the  2  direction  and 
which  consists  of  isotropic,  lossless  dielectric  media.  The  cross  section  can  be 

divided  into  several  sioregions  homogeneously  filled  with  a  dielectric  material. 
Assumed  that  the  e lec t ronagne t ic  wave  propagates  along  the  Z  direction  of  the  form, 
and  in  a  typical  subreg,an,  the  longitudinal  field  components  satisfy  the 

Helmholtz's  equation  ‘4 


VfcEz  *  (ki  -  ^  )Ez  =  0 
Vt  Hz  +  <ki  -  ^*)Hz  =  0 

where  Vt  is  the  transverse  Laplacian  operator, 
subregion. 


(la) 

(lb) 

and  ki  is  the  wavenumber  in  the 


Using  the 
obtained. 


method  of  weighted  res  idua  Is  [4] ,  frond)  the  following 
Ez(n)  -  Ez(rj)dl  G(ri.rj)  — ^ --dl 


equations  can  be 

(2a) 
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H2<ri)  + j  fc(rj)dl  (2b) 

hers  (kri,rj)  is  Green's  fnnction  in  two-dinensiimel  free-spece.  The  position  of  a 
node  inside  snbregion  is  represented  by  the  vector  ri  >  and  that  on  boundary  L  is 
denoted  by  the  vector  rj  .  n  and  ^  refer  to  the  ontvard  nnit  nornal  vector  and  the 
tangential  unit  nornal  vector,  respectively,  as  shown  in  Fig.  1. 


A 


Fig.  1  Two-dinension  region  surrounded  by  boundary  L. 
Considering  Gauss'  principle.  (2)  can  be  rewritten  as 

>rj) 


Ez(ri)  = 


,,  =  .f35<^>EzCrJ)dl.rG(ri. 

Jl 


rj) 


|3 

~  I  ^  nz(r|)ui 

Jl 


cmEi 


at 


Hz<  ri ) 


f  3G<Tt.i:) 

"4 


Hz(ri)dl  +  I  G(ri, rj)  { 

L 


aEziJi)^ 

P 

^Hz(70 

an 

a>£i 

at  ’ 

2(ri)at 

sM) 

an 

UJ}X 

at  ^ 

(3a) 


P 


(VJi 


i 


at 


E2(rj)dl 


(3b) 


Assuaed  that  the  boundary  L  is  saooth.  letting  ri  approaches  it  and  considering 

Cauchy's  principal  value  of  integration,  and  using  the  following  equations 


Et  = 


Juifi  sHz  p  3Ez 


an 


ojjt-  dr. 


H, -  J‘"6i 

i"i  "ti  at 

the  next  equations  is  derived  as  follows. 


(4) 


:i^2)E2(ri)  Ez(rj)dl  =  J^G(rl.  rj >{- 


(l/2>H2(ri 


krP^ 

e_fi§iM)Hz(ri)dl 
w£i  at 

P  j  agCToTj) 


Ht(  ri))dl 


-  f  r./,«  rj)[  -4^  Et(rj))dl 
E2(rJ)dl 


(5a) 


(5b) 


at 

Dividing  the  boundary  L  into  N  constant  eleaents,  and  equation  (Sa)  and  (Sb)  are  then 
discretized  as. 
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■dOEzj 

j 


N  f 
j  =  S!  <  1  & 

Jlj 


G<ri,rj)iil)(-  ■?—  Htj] 


Mi 


r 

2Z< 

'*' A; 


j-^l^dl)Hzi 

»  V 


(l/2)Hzi  +^<r  (  f  G(fi,  rj)ill)  I  . ^  Etj] 

?  J±  f  d6Cft.rn 


K<f 

t^l  jLj 


aQcnjjj 


<oj^  JT, 

(6)  can  be  represented  in  the  following  aatrix  font 

Al-P* _  P 


at 


■dDEzj 


f  A  ]  [  Ez  )  + 


Mi 


[  B  ]  [  Ht  ]  - 


u>£i 


(  c  ]  [  12 


I  A  1  [  Hz  1  -  4“  [  B  1  [  Et  }  +  C  )  (  Ez  ]  =0 

joyt  Olj*. 

where  fEzj>  (Hz]>  (Et]>  [Ht]  are  NXl  coluan  aatrices.  and  the  eleaents 

represent  the  field  values  at  nodal  points  on  the  boundary;  [A].  [B]/  [C] 

coefficient  aatrices. 


(ia) 


(&b> 


(7) 


of  thea 
are  NXN 


in  the  saae  way,  to  subregion  Sj,  the  boundary  aatrix  equation  like  (7)  can  be 
foraed.  Considering  the  continuity  of  the  tangential  electric  and  aagnetic  fields 
along  the  coaaon  interface  between  contiguous  subregionsl  say  the  ith  and  jth).  the 
following  equations  are  required. 


So  the  final  boundary  aatrix  equation  of  the  whole  region  can  be  obtained,  and  can 
be  written  as  a  hoaogeneous  equations  set  in  the  fora 

(  0  ]  [  X  ]  =  0  (9) 

where  the  eleaents  of  aatrix  (  D  ]  are  all  the  functions  of  propagation  constant. 

Considering  the  condition  that  aakes  (9)  exist  nonzero  solutions,  naaely, 

I  U  I  =  0  (10) 

the  propagation  constant  ^  can  be  obtained. 

In  our  approach,  Hankel  function,  which  satisfies  radiation  condition,  is  eaployed  as  Green's 
function,  so  no  spurious  solutions  appear. 

RESULTS 


First  of  all,  the  asyaaetrital  bilateral  Tinline  treated  in  [!]  is  calculated  with 
our  aethod,  and  Fig.  2  shows  its  dispersion  behavior.  Our  results  agree  roughly  with 
those  in  [1]  except  that  the  propagation  constant  of  HE2  node  is  higher  than  that 
of  HEl  Bode  for  frequencies  beyond  19.6  GHz  instead  of  20  GHz  reported  in  (1). 

In  order  to  show  the  flexibility  of  this  sethod,  we  study  a  bilateral  finline  in 
circular  waveguide  housing  which  cannot  be  handled  with  the  Bodified  Bode-natching 
technique[l|  or  the  transvers  ■  resonance  BelhodI2].  Calculated  results  for  the 
dispersion  characteristics  are  shown  in  Fig. 3.  The  obtained  results  for  zero  grooves 
depth  and  zero  metallization  thickness  are  in  agreement  with  data  obtained  via  the 
FEM[3!.  For  a  finite  grooves  depth  and  finite  aetallization  thickness,  the  propagation 
constant  of  HE]  Bode  slightly  increases,  while  those  of  the  higher  order  nodes  increase 
remarkably.  The  above  BEM  calculations  are  performed  with  126  nodes,  while  the  corresponding 
FEM  calculations  need  at  least  dOO  nodes. 
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Fig.  2  Noraalized  propagalian  coastant  as  a  fuactiDn  of  frequency 
for  the  asynetrical  bilateral  fialiae. 

(a=2h=7.112M  :  al=2.  260in  :  bt=t.201n  ;  «l=2.5n  ;  b2=2.  ISbaa  ; 
W2=1.5aa  ;  e=0.1aa  :  d=0.  254aa  ;  1=0,07m  ;  £  r=9.i  ) 


Fig,  ]  Dispersion  characteristics  of  the  bilateral  fialiae  in  circular 
waveguide  housing. 

(r=l.  165bb  ;  d:0.  254BB  ;  w:0.  3Ba  :  b=0.  35bb  :  trQ.OOSaa  ;  £r:2.2  ) 


CONCLUSIONS 

In  this  paper,  a  boundary-elBBeut  procedure  for  the  rigorous  investigation  of  generalized 
finline  structures  is  proposed.  The  aethod  has  a  few  aerils,  i.e.,  it  can  handle 
generalized  finline  configuration  which  includes  finite  strip  thickness,  substrate  aounting 
grooves,  aore  than  one  dielectric  region  and  arbitrary  cross-sectional  geoaetries,  and  it 
only  requires  a  saall  coaputer  aeaory  and  short  coaputation  tiae.  aoreover.  the 
results  obtained  have  fairly  good  accuracy.  In  addition,  this  approach  can  be  applied 
to  the  full-wave  analysis  of  various  aicrowave  and  ailliaeter-wave  transaission 
lines  with  arbitrary  cross-sectional  geoaetries-.:- 
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Development  of  a  High-Power,  Power-Modulated 
TEA  CO2  Laser  System  as  a  Driving  Source 
of  Electrostatic  Plasma  Waves 

K.  Sasaki,  K.  Takahashi,  T.  Fujii.  M.  Nagatsu  and  T.  Tsuldshima 

Departmem  of  Electrical  Engineering,  Nagoya  University, 

Nagoya  464-01,  Japan 

ABSTRACT 

A  high-power,  power-modulated  TEA  CO;  laser  system  is  developed  with  the 
intention  of  applying  it  to  high-temperature  plasmas  for  diagnostic  purpose.  Two-mode 
pulse  injection  locking  is  adopted  to  obtain  the  required  output  pulses  of  the  TEA  CO,  laser. 
Together  with  the  power  modulation,  the  gain-switched  spike  of  the  output  pulses  are  also 
suppressed  by  the  adopted  method,  resulting  in  elongation  of  pulse  duration.  Two  feedback 
loops  are  incorporated  for  reliable  power  modulation.  The  power-modulated  output  so 
obtained  is  used  to  excite  electrostatic  plasma  waves  in  laboratory  plasmas. 

1.  INTRODUCTION 

We  have  proposed  the  driven  scattering  method  as  a  novel  diagnostic  scheme  for  high- 
temperature  plasmas.  ^  In  driven  scattering,  electrostatic  plasma  waves  are  excited  by  the  ponderomotive 
force  of  an  externally  injected  power-modulated  laser  beam.  Certain  plasma  parameters  such  as  ion 
temperature  can  be  derived  from  the  dispersion  reladon  of  the  excited  electrostatic  wave.  The  dispersion 
relation  can  be  measured  by  FIR  laser  scattering.  The  main  advantage  of  the  driven  scattering  method 
over  the  conventional  ion  Thomson  scattering  is  that  the  incident  laser  power  for  scattering  measurement 
can  be  considerably  lower  than  that  for  the  conventional  case,  because  the  scattering  cross  section  is 
much  larger  for  the  super-thermal  density  fluctuations  (electrostatic  waves)  than  for  thermal  fluctuations. 

A  high-power,  power-modulated  laser  source  with  long  pulse  duration  dus)  is  indispensable  for 
the  driven  scattering  plasma  diagnostics.  The  long  pulse  duration  is  needed  to  measure  the  dispersion 
relanon  of  the  excited  waves  with  high  signal-to-noise  ratio.  In  this  paper,  we  present  a  TEA  CO,  laser 
system  which  can  yield  a  high-power,  power-modulated  output  with  long  pulse  duration.  The  two¬ 
mode  pulse  injection  locking  scheme  is  adopted  to  modulate  and  elongate  the  output  pulse  of  the  TEA 
CO,  laser.  Two  feedback  loops  are  incorporated  in  the  present  system  to  achieve  reliable  power 
modulation. 

2.  LASER  SYSTEM 

The  two-mode  pulse  injection-locked  TEA  CO^  laser  system  including  feedback  stabilization 
loops  is  schematically  shown  in  Fig.  1 .  The  system  consists  of  a  hybrid  TEA  CO,  laser  as  the  injection 
source  and  a  main  TEA  CO,  laser. 

The  hybrid  TEA  CO,  laser  is  composed  of  a  TEA  section  and  a  cw  section.  The  4.9m-long 
cavity  resonator  consists  of  a  spherical  partiid  mirror  M 1  mounted  on  a  piezoelectnc  transducer  P2T1  and 
a  gold-coated  plane  mirror  M2.  The  active  length  of  the  cw  section  is  60cm.  which  is  designed  to  realize 
both  the  above  and  below  threshold  operation  in  the  range  of  the  discharge  current  obtaintdJle  with  our 
power  source.  The  main  TEA  CO,  laser  is  a  Lumonics  601  with  an  unstable  resonator  consisting  of  a 
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convex  mirror  M9  and  a  concave  mirror  M 10.  The  spherical  radii  of  M9  and  M 10  are  23m  and  10m. 
respectively.  The  cavity  length  is  5.2ra  which  is  close  to  the  cavity  length  of  the  hybrid  laser,  "nie 
convex  mirror  M9  is  mounted  on  FZ  ri. 

In  the  present  system,  two-mode  pulsed  field  of  the  hybrid  TEA  CO^  laser  is  injected  into  the 
cavity  of  the  main  TEA  CO^  laser  through  the  coupling  hole  (5mm  diameter)  bored  at  the  center  of  M 10. 

**  n 

The  injected  two-mode  field  is  obtainable  with  the  cw  section  in  the  below  threshold  state."  When  the 
frequencies  of  the  injected  two  modes  coincide  with  the  two  respective  adjacent  longitudinai  modes  of  the 
main  TEA  CO^  laser,  the  two  modes  of  the  main  laser  are  allowed  to  oscillate  exclusively,  and  the  output 
pulse  of  the  main  'aser  is  power-modulated  with  the  beat  frequency  between  the  two  modes.  In  this 
power  modulation  scheme,  therefore,  the  modulation  frequency  is  equal  to  the  longitudinai  mode  spacing 
of  the  cavity,  cl2L.  where  c  is  the  speed  of  light  and  L  is  the  cavity  length  of  the  main  TEA  CO2  laser. 

Two  feedback  loops  are  incorporated  for  stabilized  operation  of  the  system.  The  first  feedback 
loop  (loop  1)  is  for  stabilization  of  the  two-mode  injection  pulse,  and  it  consists  of  a  pyroelectric  detector 
PYRO 1 .  the  lock-in  stabilizer  1  and  PZTl .  'Hte  second  feedback  loop  (loop  2)  is  for  adjusting  the  cavity 
length  of  the  main  laser,  and  it  consists  of  a  pyroelectric  detector  PYR02.  the  lock-in  stabilizer  2  and 

pm. 

Operation  of  the  laser  system  is  divided  into  two  parts:  "stand-by  period"  and  "on  period".  In 
the  stand-by  penod,  the  cw  section  of  the  hybrid  laser  is  in  the  above  threshold  state  and  yields  an  output 
of  cUiQut  2W.  The  cw  radiation  is  utilized  to  feedback-siabilize  the  .cavity  lengths.  If  we  stabilize  the 
cavity  length  of  the  hybrid  laser  by  loop  I  so  that  the  minimum  cw  output  is  obtained  at  PYROl .  two 
longitudinal  modes  of  the  hybrid  laser  are  located  symmetrically  with  respea  to  the  line  center  of  the  gain 


OUTPUT 

Fig.  1  Schematic  of  the  present  iaser  system;  M.  BS.  PYRO,  and  F*ZT  stand  for  mirror, 
beam  splitter,  pyroelectric  detector,  and  piezoelectric  transducer,  respectively. 
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profile  for  the  cw  section.  In  spite  of  the  symmetrical  distribution,  we  seldom  observe  simultaneous 
two-mode  oscillation  for  the  cw  section  due  to  a  strong  competitive  relation  between  the  two  modes:  we 
usually  have  a  single-mode  output."  The  single-mode  cw  radiation  is  injected  into  the  cavity  resonator 
of  the  main  laser.  Against  this  injected  field,  the  cavity  of  the  main  laser  acts  as  a  sort  of  Fabry -Perot 
interferometer.^  Hence,  if  the  cavity  length  of  the  main  laser  is  mned  by  loop  2  so  that  the  intensity  of 
the  transmitted  cw  beam  becomes  maximum,  the  finequency  of  the  injection  field  coincides  with  one  of  the 
longitudinal  modes  of  the  main  laser.  The  transmitted  beam  is  monitored  by  PYR02  through  a  small 
hole  ( 1  mm  diameter)  bored  at  the  center  of  M9.  In  this  way.  the  cavity  lengths  of  the  hybrid  and  main 
lasers  are  maintained  at  their  optimum  values  during  the  stand-by  period. 

As  described  in  the  previous  letter."  with  the  cw  section  in  the  above  threshold  sate,  we  did  not 
obtain  the  desired  two-mode  pulsed  output  from  the  hybrid  laser.  In  the  present  system,  we  increase  the 
discharge  current  of  the  cw  section  and  bring  it  into  the  below  threshold  state  to  obtain  two-mode  pulse, 
about  100ms  before  we  fire  the  TEA  section  and  the  main  TEA  CO2  laser.  With  the  cw  section  in  the 


below  threshold  state,  two  longitudinal  modes  (which  are  located  symmetrically  with  respect  to  the  line 
center)  are  allowed  to  oscillate  simultaneously.  At  the  on  period,  two-mode  pulsed  field  thus  generated 


is  injected  into  the  main  TEA  COt  laser.  The 
frequencies  of  the  injected  two  modes  coincide 
with  two  respective  longitudinal  modes  of  the 
main  laser.  This  is  because  the  cavity  lengths  of 
the  hybrid  and  main  TEA  CO^  lasers  are  set  almost 
equal  to  each  other  and  we  have  already  matched 
one  of  the  injected  modes  with  one  longitudinal 
mode  of  the  main  laser  in  the  stand-by  period.  If 
the  time  delay  between  the  initiation  of  the 
discharge  of  the  main  laser  and  the  injection  time 
of  the  two-mode  pulse  of  the  hybrid  laser  is 
properly  chosen,  two  longitudinal  modes  of  the 
main  laser  are  injection-locked,  so  that  a  high- 
power.  power  modulated  output  is  obtained  as  a 
result  of  beat  note  between  the  two  modes. 

3,  RESULTS  AND  DISCUSSION 
Figure  2(a)  shows  a  multimode  output  pulse  from 


the  main  TEA  COi  laser  which  was  observed  for 
the  case  with  no  injection  field.  The  output 


TIME  (jis) 


energy  was  over  6J.  When  the  two-mode  pulsed_  Fi2.2  Examples  of  the  output  waveform 
field  of  the  hybrid  TEA  CO.  laser  was  injected  of  tj^e  main  TEA  CO^  laser.  (a) 


with  a  proper  timing  after  the  initiation  of  the 
discharge  of  the  main  TEA  CO^  laser,  a  power- 
modulated  output  such  as  shown  in  Fig.2(b)  was 
obtained.  The  modulation  frequency  in  Fig.2(b) 
is  29MHz.  which  agrees  with  the  longitudinal 
mode  spacing  of  the  main  laser,  not  with  the  beat 
frequency  of  the  injection  pulse.  The  gain- 


Multimode  output  pulse  observed  for 
the  case  with  no  injection  field,  (bl 
Power-modulated  long-pulse  output 
obtained  when  the  two- mode  pulsed 
field  of  the  hybrid  laser  is  injected  with 
proper  timing. 
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switched  spike  of  the  waveform  in  Fig.2(b)  is  well  suppressed,  so  that  the  pulse  duration  is  elongated  to 
about  800ns  in  full  width  at  half  the  maximum.  The  pulse  duration  of  800ns  is  about  five  tiines  as  long 
as  that  of  the  the  multimode  pulse  shown  in  Fig.2(a). 

Figure  3(a)  summames  the  relative  appearance  ftequency  or  distribution  of  the  power-modulated 
outputs  of  the  main  TEA  COt  laser  as  a  function  of  modulation  oepth.  The  modulation  depth  is  defined 
by  (%),  where  and  are  the  maximum  and  minimum 

values  of  the  oscillatory  waveform  within  one  period.  Each  power-modulated  output  pulse  shown  in 
Fig.3{a)  was  obtained  with  feedback  loops  1  and  2,  switched  on.  Although  the  modulati  n  depth 
varied  firom  shot  to  shot  76  percent  of  the  total  shots  had  a  modulation  depth  larger  than  70%.  Hence 
sufficient  stability  was  achieved  for  practical  use. 

For  the  sake  of  reference,  experiments  were  repeated  for  the  firee-ninning  case  with  feedback 
loops  disconnected  The  results  for  the  free-ninning  case  are  shown  in  Fig.3(b).  it  is  seen  that  the 
average  modulation  depth  is  about  35%,  and  the  distribution  is  also  broad  compared  with  the  case  with 
the  feedback  loops  on.  Eight  percent  of  the  outputs  for  the  free-running  case  were  multimode  and  are 
ranked  in  the  group  m=0. 

In  summary,  we  have  developed  a  high-  ^  30  i  t  i  j  i  i  i  i  r~ 

power  TEA  CO^  laser  system  which  can  yield  a  ^ 

power-modulated  long-pulse  output.  By  g  20  - 

incorporating  the  feedback  control  loops  in  the  ^  ^  ^ 

laser  system,  we  have  obtained  the  oower-  ilu  lo  -  — »  ^  ■'S  SS 

modulated  outputs  with  sufficient  '■"ibility  for  .2  .  ^ 

praaical  use.  The  present  laser  system  can  be  'So  ■  ■  ^ 

applied  to  the  diagnostics  of  large  tokamak  d:  q  20  40  60  80  100 

plasmas,  provided  that  some  increase  in  the  output  Modulation  Depth  m  (%) 

power  is  made.  We  expect  to  have  an  output  ^ 

power  of  more  than  150MW  by  amplifying  the  C  '  '  '  ’  '  '  ' 

output  pulse  of  the  present  laser  system,  using  a  g*  * 

iarse  COt  laser  device  such  as  a  Lumonics  620  ®  20  -  — 

with  a  triple-pass  configuration.  This  work  is  ®  ' 

supported  bv  a  Grant-in-Aid  tor  Scientific  ~  t1K 'iS  ^  r-= 

^  mA. 

Research  irom  the  Ministry  of  Education.  Science  '•=  ^  35 

and  Culture  ot  Japan.  B  0  * — —  —  —  —  — ' - — 
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Modulation  Depth  m  (%) 

Fig.3  Relative  appearance  frequency  of  the 
power-raoduiaied  output  as  a  function  of 
their  modulation  depth;  (a)  for  the  case  with 
the  feedback  loop  active,  (b)  for  the  of 
free  running,  that  is.  with  the  feedback  Ic  ip 
off. 
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NON-CDHERENT  REFLECTOMETRY  METHOD  FOR  MEASUREMENT  OF  PLASMA 
CUT-OFF  LAYER  POSITION 

V.V.Kulik,  K. A. Lukin,  V. A. Raki tyanskv 

Institute  of  Radiophysics  and  Electronics,  Ukrainian  Academy  o-f 
Sciences,  12,  Acad.  Proskura  str. ,  310085,  Kharkov,  Ukraine 

ABSTRACT 

The  paper  describes  the  method  called  a  non-coherent  re-f lectometry 
technique.  Using  this  method  we  can  be  able  to  provide  a  high  precision 
o-f  the  measurement  o-f  the  -fusion  plasma  cut-off  layer  position  and  its 
microf luctuations  simultaneously. The  method  is  based  on  the  application 
of  the  millimeter  wave  narrow-band  noise  signal  and  its  spectral 
processing.  Two  modification  of  the  method  are  discussed,  and  one  of 
them  uses  an  autodyne  regime  of  the  noise  signal  oscillator. 

I  . INTRODUCTION 

The  coherent  length  is  the  one  of  the  main  character i sti cs  of  the 
noise  signals.  Its  value  is 

1  =v/Af 
c 

where  v  is  a  propagation  velocity  of  the  signal  and  Af  is  its  power 
spectrum  width.  The  value  of  1^  defines  a  distance  where  a  conerency 
property  of  the  signal  is  saved.  It  is  known  that  the  power  spectrum  of 
the  sum  of  the  radiated  and  reflected  signals  obtains  a  periodic 
modulation  at  condition  if  the  propagation  distance  between  the 
reference  and  reflected  signals  exceeds  sufficiently  the  coherent 
length  of  radiation  signal  Cll.  In  this  case,  the  modulation  period  is 
connected  with  v  and  i_  as  follow  T  =v/2L.  Tne  physical  nature  of  this 

OJ 

effect  is  reduced  to  an  ordinary  monochromati c  interference  of  Fourier 

components  of  noise  signal.  Hence,  we  can  estimate  the  distance  to 

reflector  measuring  a  period  of  modulation  and  knowing  v.  The  distance 

measurement  with  help  of  such  method  is  described  in  C21  where  the 

author  proposed  a  noise  radar  system  with  a  double  spectral  processing 

of  sum  signal.  A  high  precision  and  resolution  of  the  method  take  place 

in  the  case  when  2L>>1  .The  absence  of  controlled  delay  line  in  the 

c 

reference  signal  circuit  is  a  great  advantage  of  the  method  described. 

ri.  NON  COHERENT-REFLECTOMETRY 

The  design  of  sources  of  steady-state  intencive  noise  signals  of  mm 

wave  band  with  sufficiently  wide  and  homogenious  power  spectrum  of 
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-frequencies  is  an  important  problem  -for  the  development  o-f  non-conerent 
re-f lectometers.  As  an  source  o-f  noise  sional  is  used  a  weak-resonant 
backward  wave  oscillator  (WBWO)  o-f  mm  wave  band  C33  that  generates 
chaotic  oscillations.  The  excitation  o-f  chaotic  oscillations  beromes 
possible  due  to  the  chaotisation  o-f  WBMO  oscillations  under  interaction 
of  electron  beam  with  intensive  field  of  weak-resonant  oscillation 
system  C4,51.  The  packaged  chaotic  oscillators  of  mm  wave  band  are 
developed  in  IRE  AS  of  Ukraine  and  they  provide  the  power  soectrum 
width  of  radiation  oscillations  over  300MH2  and  integral  oower  ci  some 
watts. 


II. 1.  NON-COHERENT  REFLECTDMETER 

Fig. 1  shows  an  experimental  set-up  of  non— coherent  ref lectometer-  The 
reflected  signal  is  added  , - . 


with  a  reference  one  and 


oasses  to 


soektrum 


anal vzer . 


frequency  band  of  the 

soectrum  analyser  have  tc 
be  sufficient  for 

observation  of  noise  signal 
power  spectrum  with  the 

width  above  300MHs.  The 

outout  modulated  sional  from 


WBWO 


gun 

outout 


col 1 ector 
output 


CiW3 


Fioure  1. 


soectrum  analyser  is  converted  tc  digital  form  and  is  wrote  to  the 
memory  of  computer.  The  time  a-^  one  measurement  is  defined  >.ith  a 


sweeo  velocity  and  this  time  can  be  very  smal! 


(t  2ms).  The  set  of 


measurement? 


is  carried  out 


dLirina  an  existence  time  of  tne  oiasiris. 


The  results  of  them  are  processed  with  computer,  rig. 2  shows  the  power 
spectrum  both  of  the  radiated  chaotic  signal  and  the  sum  signal.  The 


non— coherent  ref  1 sctometr v  allows  to  observe  two  differant  space  seal; 
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distance  change  Ls  mean  wavelength  q+  noise  signal  and  coherent 

length  1^.  The  change  o-f  the  L  within  the  limits  X  causes  a  change  o-f 

phase  shirt  between  the  reference  and  reflected  signals.  The  result  is 

a  shift  of  interference  figure  without  a  significant  change  of 

modulation  oeriod  AT  .  The  observation  evolution  of  absolute  freauencv 

value  f_  of  one  of  the  mini mums  allows  to  record  a  small  scale  shift  of 
fn 

cut-off  layer  position.  In  particularly,  the  distance  change  eoual  to 

AL=\/2  corresponds  to  the  freauencv  shift  Af  =T  .  This  method  is  like 

m  w 

to  that  which  uses  a  fixed  freauencv  monochromatic  signal  and  allows  to 
measure  fluctuations  having  AL=lmm.  The  measurement  of  value  T  is  for 

UJ 

more  large  distance. 

The  processing  of  sum  signal  is  effective 
for  L  just  above  1^  too.  For  higher 
precision  we  have  to  provide  concitions 

for  takina  laraer  values  dT  /dL.  Fio.3 

..o 

shows  the  measured  relations  ~  (L.1  anc 

uO 

M(L).  where  ‘'J<L)=  Af  is  a  number  of 

U) 

variations  which  are  observed  on  soectrum 
analyser  for  a  sum  signal.  The  most 
values  of  dT  /dL  are  observed  for  small 
values  of  L,  and  the  ootimum  conditions  Figure  3. 

for  measurement  take  place  for  N<L)=3— A.  In  this  case,  the  minimum 
positicn  IS  recorded  with  sufficient  accuracy  and  dT  /dL  is  about 
C.2MH2/cm. 


11.2,  AUTDDYNE  REGIME  OF  THE  CHAOTIC  C3CILLA7CR  OFERATINiG 

Fig.Aa  shows  an  illustration  diagrairi  of  non— coherent  ref  1  ec tcmeter 

using  an  autodyne  regime  of  the  cnaoric  oscil later  CSl.  The  oresence  or 


freauencv 


Figure  4, 

power  output  from  both  the  collector  end  and  the  gun  one  is  a  feature 
of  the  WBWe.  It  allows  to  use  the  collector  output  to  radiate  and  to 
"ecBive  a  noise  signals  while  the  gun  outout  is  used  for  recording  of 


the  spectrum  modulation.  The  reflected  signal  with  a  small  amplitude 
and  delay  2L  is  amplified  with  an  active  element  of  the  oscillator  and 
one  interacts  with  oscillations  in  system. The  result  is  a  periodical 
modulation  of  spectrum  (fig, 4b).  In  this  case,  the  amplitudes  of  the 
interacted  signals  are  essentially  different,  that  is  why,  the  observed 
modulation  depth  is  more  less  of  said  case.  A  sufficiently  high 
sensibility  for  autodyne  effect  is  provided  with  the  linear 
amplification  of  the  reflected  signal  in  the  WBWO.  The  spectrum 
characteristics  (fig. 4b)  given  for  the  reflected  signal  level  of  20  dB 
with  respect  to  radiated  signal.  It  should  be  noted.  the  scheme  of 

non-coherent  ref  1 ectometer  using  an  autodyne  behavior  of  the  WBWO  is 

more  simple  because,  in  this  case,  the  oscillator  is  used  not  only  as  a 
transmitter  but  as  a  sensitive  receiver,  an  amplifier  and  a  mixer  too. 

1 1 1. CONCLUSION 

The  aoolication  of  the  non— coherent  ref lectometry  method  allows  to 
measure  a  plasma  cut-off  layer  position  with  error  of  2cm  a. id  it  allows 
to  define  a  small  fluctuation  of  a  oosition  about  1mm.  The  time  of  the 

measurements  can  be  decreased  if  to  use  a  spectrum  analyzer  with  a 

parallel  processing  of  noise  signal.  The  application  of  the  autodyne 
regime  of  the  chaotic  oscillator  operating  allows  to  sufficiently 
simplify  the  scheme  of  ref  1 ectometer ,  and  it  saves  the  mam  advantages 
of  the  method.  The  method  suggested  has  no  sensibility  to  hindered 
inflLience  of  ether  signals,  and  its  using  is  reasonable  for  development 
of  systems  for  the  precision  measurement  of  distance  to  objects  and  for 
the  definition  of  its  displacement  character i sti cs. 
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DUAL-BAND  MILLIMFIER  WAVE  OSCILLATORS  FOR  MEDICAL  USE 

Song  Shuxian  Liu  Dongcheng  Oeng  Ciping 
(Beijing  Institute  of  Technology. Beijing, China) 


ABSTRACT 

Some  oilliHeter  wave  oscillators  produced  in  the  reouireaents  of  a  long  range  coherent 
osci 1 lation(LRCO) Lt ]  will  be  given  in  this  paper. These  oscillators  have  soae  advantages  over 
others  used  before  for  their  suitable  power  output (enough  to  trigger  LRCO  to  occur!  ,  wide 
band  (dual-band  design)  ,  and  siaple  structures  then  low  cost,  etc.  .  These  oscillators  are 
available  and  fit  for  use  in  LRCO  research  or  clinic  treatnents.  Some  apparatuses  were  also 
producedjone  of  which  will  be  shown  at  the  end  of  this  paper. 

INTRODUCTION 

Hicrowave/si 1 1 iaeter-wave  has  a  very  good  perspective  in  biological  and  nedical 
appl ications.But  therapies  by  thermal -effects  have  some  disadvantages  in  practice. for  it 
•ust  be  carried  out  by  a  very  high  power  radiation  which  needs  complicated  and  expensive 
equipments,  and  also  nay  cause  some  heavy  damages  to  human  bodies.  So  recently,  the 
applications  of  nontherraal -effects  have  got  more  and  more  attention. 

REQUIREMENTS  OF  MILLIMETER  WAVE  OSCILLATORS 

FOR  MEDICAL  USE 

Uur  millimeter  wave  oscillators  for  medical  use  are  on  the  basis  of  the  nonthermal  effects 
oetween  microwave  and  biological  bodies.  The  mechanism  of  nonthermal  effects  can  be  expounded 
by  a  coherent  osciiation  model  produced  by  H.  Frohlich  ,1.  2j.whicn  mainly  include  following 
parts : 

(I)  a  long  range  coherent  osci lat ion (LRCO)  exists  between  electromagnetic  wave  and 
biological  tissues  Ice  11s,  giant  molecules,  polar  molecules, etc. )which  make  essential  role  in 
growing  and  reproducting  of  these  tissues; 

(II)  LRCO  is  a  nonlinear  reacction  which  can  be  triggered  by  only  a  little  microwave 
energy  from  outside  of  human  body, and  the  energy  needed  in  the  reaction  is  supplied  by  human 
body  itself, not  from  outside: 

(III)  LRCO  exists  on  a  band  of  frequencies  which  mainly  near  the  high  part  of  microwave 
.frequencies,  i.e. mi  1  iimeter  wave, and  far-infared. 

After  H.  Frol ich,S.T. Webb  and  some  other  researchers  13 J  verified  the  existence  of  LRCO  by 
experiments.  Then  the  model  of  LRCO  became  a  radical  theory  and  principle  in  this  research 
area.  i.e.  the  area  of  nonthermal  reaction  between  microwave  (especially  millimeter  wave)and 
biological  bodies  and  also  its  applications  in  medical  clinics. 

From  above  theory  we  know  that  our  oscillators  for  medical  use  must  meet  some 
requirements  which  include: 
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a. suitible  power  output. which  is  enough  to  trigger  the  LRCO  to  happen,  but  far  less  than 
that  needed  to  cause  dasage  on  huian  bodies. 

b.  wide  spectruB  of  frequencies,  which  cone  fro*  the  special  design  of  dual-band  or 
haraonic  oscillation  with  all  the  frequencies  produced  aainly  in  or  near  liliiBeter  wave 
band. 

c.  sinpie  structure,  which  is  coaposed  of  solid  ailliaeter  wave  devices  and  can  be 
■anufactured  easily, and  in  that  can  soon  get  a  luch  extensive  aedical  applications. 

DUAL-BAND  MILLIMETCR  WAVE  OSCILLATORS  PRODUCED 

According  to  the  requirenents  we  have  nde  several  lilliseter  wave  oscillators  shown  as 
Fig. 1,  (a)"(h), which  include  following  sorts: 

(1)  structures  nade  of  coibination  of  cavity  and  waveguide.  Fig.  Ha)  is  a  dual  band 
oscillator  that  consist* of  one  Bn  cylindrical  cavity  oscillator  and  one  2cb  waveguide 
oscillator.  The  dual-band  wave  is  got  out  froa  the  waveguide  in  a  cross  polarized  structure, 
and  the  cavity  is  used  to  obtain  a  stable  oscillation  which  aay  cause  soie  difficulties  in 
fabrication. The  saxiiui  output  of  the  oscillators  is  about  50-70iW  for  2cb  oscillator  and  20 
~30aW  for  Snai  oscillator. 

(2)  structure  nade  of  coiiiination  of  two  waveguides.  Fig.  1(c)  is  a  dual-band  oscillator 
consist  of  two  siaillar  waveguides  (shown  as  Fig.  1(b)  )  .  one  of  which  is  2cb  waveguide  and 
another  8n  waveguide.  This  structure  needs  no  coiplicated  fabrication  and  lore  can  produce 
■ore  frequencies  though  it  lay  not  be  so  stable.  The  laxiiui  power  output  is  50~70iW  for  2cb 
and  20-30fflW  for  Bn. 

(3)  structure  nade  of  aicrostrip.  This  structure  coieffroi  a  recently  developed  antenna, 
active  antenna  of  BicrostripL4,5j, where  the  oscillator  and  antenna  for  radiation  are  lade  in 
one  subatrate.  This  cause  the  structure  very  siiple  and  easy  to  produce  or  fabricate  in  a 
conforual  surface  with  biological  body  and  then  lakes  it  very  convenient  in  practices  1  use. 
Fig.  1(d)  and  Fig. He)  are  the  basic  foras  of  the  oscillator. and  Fig.  1(f) is  the  section  view. 
We  have  got  soBe  oscillators  of  Bun,  Sun,  and  4u  band  and  the  lain  probles  is  the  too  lower 
power  output.  The  oscillators  shown  in  Fig.  1(d)  and  Fig. He)  can  only  get  a  output  of  l-'2iW. 
But  this  problen  can  be  solved  by  contacting  the  oscillator  and  antenna  with  the  surface  of 
biological  bodies  .Then  the  power  will  be  enough  to  excite  the  coherent  oscillation  in  huian 
bodies.  Fig.  1(g)  and  Fig.l(h)are  two  transforms  of  Fig. Hd)  and  Fig.  1  (e)  .where  Fig.  Kg)  is  a 
structure  of  two  or  lore  oscilllators  using  power  coibination  in  radiation, and  Fig.Kh)  is  a 
structure  which  can  produce  harionic  oscillation  for  getting  wider  specctrua. 

DISCUSSION 

Because  the  LRCO  happen  in  a  wide  band. not  on  only  one  single  frequency,  the  requireients 
for  stable  and  pure  frequency  is  not  iiperative.  This  character  will  lake  the  last  two  sort 
oscillators  introduced  above  have  better  perspective  in  aedical  application,  especially  the 
third  which  is  obviously  easy  to  be  put  in  practical  use  of  clinics.  Soie  apparatus,  one  of 
which  is  shown  in  Fig.  2,  have  been  lade  using  above  oscillators  and  now  are  being  used  in 
hospitals. 
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Fig. 2  ledicai  apparatus  using  duahband  oscillator 
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The  device  described  in  the  paper  belongs  to  the  field  of  the 
transistor  technique  of  the  millimeter  and  infrared  wavelength  range 

(io^^^<V<r  10^%z).  It  may  be  used  in  communication  lines,  data 
handling  devices,  radiometer  systems. 

Usually,  in  modem  communication  lines  of  optic,  submillimeter 
and  millimeter  wavelength  ranges  the  most  effective  transmission  of 
is  realized  by  wave  beams  which  propagate  in  the  waveguides  adequate 
to  the  frequency  range.  At  present  there  exists  a  problem  of  data 
handling.  So  the  use  of  ordinary  solid  state  transistor  devices  /!/ 
in  these  ranges  faces  essential  difficulties  which  manifest  themsel¬ 
ves  in  the  impossibility  to  decrease  their  constructive  capacity  and 
inductance. 

It  is  known  now  transistor  devices  operating  in  the  optic  frequ¬ 
ency  range  in  which  a  hi^frequency  energy  flow  or  pulse  controls  a 
similar  object.  The  physical  principle  on  which  the  device’s  operat¬ 
ion  is  based  involves  a  phenomenon  of  nonlinear  absorption  of  elect¬ 
romagnetic  energy  by  a  substance  in  the  presence  of  a  set  of  discre¬ 
te  energetic  levels.  Due  to  the  distances  between  these  levels  being 
lied  in  the  range  1  +  10  eV  such  devices  can  operate  only  in  the  op¬ 
tic  frequency  range. 

A  shortcoming  of  the  optical  transistor  is  also  the  fact  that  it 
may  operate  only  in  several  narrow  bands  of  frequencies  the  mean  va¬ 
lues  of  which  correspond  to  energy  levels  of  the  working  substance. 
An  attempt  to  expand  the  frequency  range  by  resonator  retiming  leads 
to  falling  of  the  amplification  coefficient  of  the  transistor,  a 
growth  of  nonlinear  distortions,  deterioration  of  stabilization  con¬ 
ditions  of  the  transistor.  Besides,  one  may  change  the  discrete  spe¬ 
ctrum  of  operating  frequencies  only  by  replacement  of  the  working 
substance  of  the  transistor. 

This  problem  may  be  solved  if  the  transistor  consisting  of  the 
Pabry-Perot  resonator,  working  substance  placed  in  it  will  be  suppl¬ 
ied  by  a  source  of  the  regulated  magnetic  field  and  magnetic  used  as 
a  working  substance. 

The  device  described  (Pig.l)  includes  copper  mirrors  1,2  which 
form  the  Pabri-Perot  resonator.  The  working  substance  5  (ruby  cylin¬ 
der)  is  placed  between  mirrors.  The  channel  A  of  excitation  and  sa¬ 
turation  presented  as  a  waveguide  which  connected  with  the  resonator 
by  the  coupling  element  5.  The  information  channel  6  (waveguide)  is 
connected  with  the  mirror  1  by  its  own  coupling  element  7,  The  chan- 
nnel  8  (waveguide)  is  connected  with  the  mirror  2  by  a  coupling  ele¬ 
ment  9.  The  source  10  of  the  regulated  magnetic  field  (solenoid)  is 
placed  outside  the  resonator.  Here  vector  of  the  static  magnetic 

field  of  the  high  homogeneity  is  perpendicular  to  the  vector  of 

the  magnetic  component  of  the  electromagnetic  field  in  the  resonator. 

Let  us  consider  the  operation  of  such  quasioptical  transistor. 

The  magnetic  field  removes  the  degeneration  of  energy  levels  of 

magnetic  atoms  of  the  workjjig  substance  3»  here  the  distance  betwe¬ 
en  the  levels  depends  on  .  Thus,  the  system  of  energy  levels  is 
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Pig.  1 


formed  in  the  working  substance  3.  The  frequencies  of  quantum  tran¬ 
sitions  lie  in  the  range  from  the  shortwave  part  of  the  mm  range  and 
higher  at  the  value  ^  3  T, 

In  the  resonator  tuned  in  the  frequency  jl  of  the  signal  coming 
from  channels  1  and  2  the  condition  of  the  magnetic  resonance 

''”m’''^M-1  values  of  energies  of  stationary  states  of  a  magne¬ 

tic  in  the  static  magnetic  field;  M,M-1  are  the  natural  values  of 
the  operator  of  the  effective  magnetic  spin  projection  on  the 
direction  of  the  static  magnetic  field  the  circular  fre¬ 

quency  of  the  exciting  SHP-field;  h  is  the  Planck’s  constant  is 
being  kept.  Here  the  magnetic  dipole  transitions  arise  with  absorp¬ 
tion  of  energy  of  the  electromagnetic"  field.  The  value  of  the  absor¬ 
bed  energy  depends  nonlinearly  on  the  the  value  .  'When  the  co- 

dition  of  saturation  is  not  observed  (  I  <J<c:  if  vT^^  )  the  absor¬ 
ption  in  the  magnetic  is  large,  the  resonator  is  practically  does 
not  transmit  the  electromagnetic  energy  and,  therefore,  the  signal 
in  the  receiving  channel  is  practically  equal  to  zero  A.e,  the 
transmission  coefficient  of  the  resonator  1,  Pig. 2),  In  the 

fully  saturated  substance  (  |  B J  »|fT^,T2  )  the  absorption  is 

practically  absent  and  the  resonator  has  the  maximum  possible  trans¬ 
mission  coefficient  7"  . 
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The  character  9^  =  (  ts^l  )  calculated  in  /4/  has  been  used  for 

realization  of  regime  of  transistor  functioning.  By  changing  the  sig¬ 
nal  amplitude  in  the  channel  4  of  saturation  and  excitation  the  value 

is  chosed  corresponding  to  the  "working  point"  of  the  transis¬ 
tor.  The  information  signal  comes  to  the  resonator  through  the  infor¬ 
mation  channel  6,  As  a  result  a  processed  (amplificated)  information 
signal  comes  to  the  receiving  channel  8, 

The  retuning  of  the  working  freqy^ency  is  realized  by  changing  the 
value  of  the  static  magnetic  field  (Bj  and  tuning  of  the  resonator 

according  to  the  condition  of  the  magnetic  resonance. 

The  regulation  of  the  steepness  ^  the  device  characteristic  is 
realized  by  changing  only  the  field {B^l  within  the  working  frequency 

band  of  the  resonator.  Her  an  important  positive  moment  is  the  fact 
that  the  retuning  of  the  working  frequency  is  realized  in  the  conti¬ 
nuous  frequency  range,  and  the  regulation  of  steepness  of  the  device 
characteristic  is  realized  without  changing  the  frequency  of  the  wor¬ 
king  generator  and  resonator  geometry.  Besides,  many  of  magnetics 
nay  work  at  room  temperatures  that  allows  to  create  small-size  devi¬ 
ces  of  data  processing  at  SHP, 

Positive  properties  achieved  allow  to  use  effectively  the  quasi- 
optical  transistor  in  the  communication  systems,  computer  devices 
where  infoimation  beams  are  treated  and  switched  with  supervelociti¬ 
es.  Besides  abovementioned  properties  assume  the  succesful  applica¬ 
tion  in  other  fields  of  science  and  technique,  for  example^*  in  medi¬ 
cine  and  biology  when  modeling  neurostructures  for  the  purpose  of 
study  and  diagnostics  of  brain  work. 

Experimental  test  of  the  transistor  operation  on  the  radiophysi- 
cal  complex  "BURAfT"  /5/ showed  a  good  agreement  of  the  calculated 
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characteristics  and  real  ones*  There  was  also  observed  inversionless 
amplification  of  the  information  signal  and  bistability  of  working 
characteristics  of  the  quasioptical  resonator. 

At  present  the  experimental  and  theoretical  works  concerning  the 
use  of  the  given  device  in  the  information  systems  at  SHP  have  being 
carriidi-  out* 
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ABSTRACT 

Fabrication  and  performances  of  the  second- harmonic  mode  W-band  GaAs 
Gunn  diodes  are  briefly  presented.  By  means  of  researched  interrelation 
between  DC  I/V  curves,  fundamental  and  harmonic  performances  of  the 
devices  ,  some  criteria  of  designning  and  selecting  devices  suitable  to 
harmonic  mode  operation  are  provided^  Harmonic  output  power  of  40mV  at 
96  GHz  with  a  conversion  efficiency  of  1.36  percent  and  output  power 
greater  than  lOmW  over  all  of  the  W-band  have  been  achieved. 

INTRODUCTION 

Though  three- terminal  solid-state  devices,  such  as  FET.  HElfT.  HBT,  have 
established  their  place  in  the  millimeter-wave  range.  Gunn  and  IMPATT 
diodes  still  maintain  their  superriority  above  30GHz.  GaAs  and  InP  Gunn 
diodes  as  one  of  the  important  millimeter-wave  solid-state  devices  are 
widely  used  in  local  oscillators,  injection- locked  oscillators  and 
amp  1  if  iers. 

Although  we  have  obtained  over  20mW  of  output  power  at  90GHz  with 

fundamental  mode  GaAs  Gunn  diode^^.  physical  constraints  of  the  W-band 
fundamental  mode  devices  become  critical,  as  the  operation  frequency  is 
increased.  These  devices  are  not  only  hard  to  be  reproduced,  but  also 
hard  to  be  applied  since  their  operation  temperature  and  voltage  range 
are  very  narrow.  Consequent ly  for  the  frequency  higher  than  about  65CHz. 
OaAs  Gunn  harmonic  oscillators  are  generally  used  at  present.  Its 
advantages  are  apparent. First,  since  the  harmonic  mode  devices  may 
so.mewhat  mitigate  the  contradict  ion  between  frequency  and  power, 
compared  with  fundamental  mode  devices  at  the  same  operating  frequency, 
chip  dimension  can  be  larger,  and  fabrication  process  tends  to  be 
easier.  Next,  the  processing  of  GeAs  material  and  devices  are  more 
mature  than  that  of  InP.  So  GaAs  devices  have  lower  cost  find  better 
re  I iab i 1 i ty.  Theor y  and  technique  for  the  harmonic  extract  are  being 
upgraded.  The  best  harmonic  performance  reported  so  far  is  output  power 

of  96mW  at  94GHz  with  a  conversion  efficiency  of  2.7  percent^. 

However,  it  has  experimentally  been  found  that  Q-band(  33-60GHz  ) 
fundamental  devices  are  not  suitable  for  W-band  (75-110(Hz)  harmonic 
mode  oper at  ion.  Th i 3  paper  will  mainly  present  interrelation  between 
DC  ,  fundamental  and  harmonic  performances  from  devices  respect,  so 
that  some  criteria  of  designning  and  selecting  devices  suitable  for 
harmonic  mode  operation  may  be  obtained.  The  performance  of  W-band 
harmonic  mode  GaAs  Gunn  diodes  will  be  reported.  These  devices  have 
successfully  been  applied  in  some  W-band  Gunn  harmonic  oscillators. 
Output  power  of  40mW  at  96GH2  with  a  conversion  efficiency  of  1.36 
percent  and  output  power  greater  than  lOmW  over  all  of  the  W-band  have 
been  achieved. 


DEVICE  FABRICATION 


The  design  of  W-band  harmonic  mode  GaAs  Gunn  diodes  is  basically 
similar  to  that  of  Q-band  fundamental  mode  ones. 

The  n-t--n-n+  GaAs  structures  were  grown  on  low  resistivity  n+  substrates 
using  VPE  method.  The  doping  concentration  of  the  active  layers  ranged 
from  7X10^®  to  1.5  Xl0l6cm~3,  The  thicknesses  of  the  active  layers 
were  in  the  range  of  2.0  to  2.  7  4  m.  The  carrier  concentrations  and  the 
thicknesses  of  the  highly  doped  n+-bttffer  and  nt-contact  layers  were 
about  1  X  10I8  em“3,  2  4m  and  14m.  respectively. 

The  ohmic  contacts  on  both  sides  on  the  wafer  were  formed  with 
»1 loyed  AuGeNi/Au  metal  1 i zat ions.  Conventional  electroplated  heat  sink 
itructures  were  used.  Mesa  diameters  of  fabricated  diodes  chips  were 
60-80  4m.  Individual  chips  were  thermal-compress ional ly  bonded  into 
gold-plated  copper  stud  packages.  Cross-like  gold  ribbons  were  then 
bended  Chips  were  finally  hemetically  sealed  within  the  packages 
(package  model  NEDI  T085)  . 

PERFORMANCE  AND  RESULTS 

It  has  experimently  been  found  that  all  Q-band  fundamental  devices  are 
not  suitable  for  W-band  harmonic  mode  operation.  We  researched 
interrelation  between  normalized  DC  I/V  curve,  fundamental  and  harmonic 
performances  for  different  batches  of  the  devices. 

Q-band  RF  performances  of  these  devices  were  measured  in  a  standard 
reduced  height  post-coupled  waveguide  osciliator.  Their  W-band  RF 
performances  were  measured  in  a  full-height  waveguide  cap  cavity.  Fig.  1 
shows  several  typical  normalized  DC  I/V  curves  (  Vt  and  It  are 
threshold  voltage  and  current,  respectively). 


Fig.  1  Several  typical  normalized  DC  I/V  curves 

The  characteristic  data  of  typical  DC  performance  as  well  as 
fundamental  and  harmonic  performances  for  different  batch  of  the 
devices  are  listed  in  table  1. 

From  the  DC  and  RF  test  results  presented  above,  following  laws  can  be 
obtained: 
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A.  For  those  batches  which  have  alraost  the  same  fundaraental  output 
power,  its  harmonic  output  power  may  be  very  different. 

B.  For  larger  current  peak-vallcy  ratio  -represented  by  I/It  value  at 
V/Vt=3.  6  ).  harmonic  performance  is  not  necessarily  satisfactory,  while 
abrupt  current  drop-back  at  the  threshold  point  (represented  by  il_l)  is 
desirable  for  good  harmonic  performance. 

Table  1  DC,  fundamental  and  harmonic  perfomances  for  different  batch  of 
the  devices 


batch 

No. 

DC 

_ 1 

fundamental 

harmonic 

Fig.  1 
curves 
No. 

A  I 
(mA) 

It/I 
(V/Vt 
=  3.  5) 

Vt 

an 

fl 

(GHz) 

Pi 

(nW) 

f2 

(GHz) 

P2 

^mW) 

14-1 

3 

50 

1.43 

1.  32 

45.  3 

95 

94 

33 

!  .  .  , 

!  i  S-  O 

5 

50 

1,  39 

1-  ^6 

4  , .  2 

95 

94 

35  i 

24-6 

i 

40 

1.  23 

i.  24  1  47.  6 

105 

90 

20  i 

; 

35-3 

4 

10 

1.  32 

j  1 

1.25;  4i.4  !  94 

93.  5 

6 

10-4 

2 

»  1 

1.  30 

I.  iv  _  50.  5 

92 

little 

_ 

C.  Measured  threshold  voltage  are  ail  lower,  ranged  from  1.  lO  to  1  35V. 

D.  For  the  devices  hav'ng  larger  fundamental  output  power,  the 
operation  current  is  generally  greater  than  lA.  while  for  the  devices 
having  larger  harmonic  output  power  and  higher  conversion  efficiency, 
the  operation  current  is  all  less  than  about  0.  9A,  corresponding  to  DC 
cower  consumption  of  about  2.5-4  W. 

Obtained  best  experimental  results  fir  ’.‘’-band  harmonic  mode  Ga.'is  Gunn 
diodes  are  summarized  in  table  2. 

using  these  Gunn  diodes.  Un i vers ity  of  Electronic  Science  and  technology 
Chengdu)  has  developed  a  wideband  mechanically  tunable  harmonic 
JSC i 1 lator,  wh ich  can  deliver  output  power  greater  than  10  mW  over  all 
■if  the  W-band^. 

Table  2  Obtained  best  performance  for  W-band  harmonic  mode  GaAs  Gunn 
diodes 


1  batch  Mo. 

Vo  an 

I Q  (n.A) 

f  (GHz) 

P  (mW 

n  (Vc) 

14-1 

3.  9 

900 

90 

41 

1.  17 

14-1 

3.  S 

730 

o 

o 

27 

0.  91 

iS-6 

4.  32 

680 

95 

40 

1.  36 

13-6 

3.  75 

700 

100 

25 

0.  93 

According  to  above  experimental  results,  some  criteria  of  designning  and 
selecting  the  devices,  which  are  suitable  for  harmonic  mode  operation, 
can  be  summarized  as  following: 
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A.  Usually  have  greater  fuadamental  output  power  and  higher  conversion 
efficiency. 

B.  Have  as  large  abrupt  current  drop-back  as  possible  at  the  threshold 
point. 

C.  Correspondent  DC  power  consumption  is  from  2.  5  to  4  W. 

It  has  experimentally  been  demonstrated  that  above  criteria  are  valid 
for  designning  and  selecting  harmonic  mode  devices. 

DISCUSSIONS 

For  increasing  harmonic  extract  efficiency  and  harmonic  output  power,  it 
is  necessary  to  exert  every  effort  in  all  respects  of  material,  devices 
and  circuit.  Larger  abrupt  current  drop-back  at  the  threshold  point  is 
related  to  higher  low-f ield  mobi 1 ity  of  the  active  layer.  RF  current 
generated  by  the  domain  transit  in  the  active  layer  contains  certain 
harmonic  current  components.  Obviously,  in  order  to  produce  rich 
harmonic  components,  the  harmonic  mode  devices  require  abrupt 
concentration  changes  between  both  boundaries  of  the  active  layer.  MBE 
is  beneficial  to  grow  hyperabrupt  doping  concentration.  In  addition,  for 
certain  nL  product,  less  mesa  diameters,  corresponding  to  lower  operation 
current,  may  decrease  temperature  rise  and  maintain  certain  terminal 
impedance  of  the  diodes.  Therefore,  the  harmonic  mode  devices  possess 
lower  current  characteristic  compared  with  fundamental  ones.  At  certain 
DC  power  consumpt ion.  exchanging  low  current  for  high  voltage  is  also 
beneficial  to  increase  conversion  efficiency. 

CONCLUSION 

By  means  of  researched  relation  between  DC  I/V  curves,  fundamental  and 
harmonic  performances  of  the  second- harmonic  mode  W-band  GaAs  Gunn 
diodes.  Some  criteria  of  designning  and  selecting  devices  suitable 
for  harmonic  mode  operation  have  been  provided.  The  devices  must  have 
larger  abrupt  current  drop-back  at  the  threshold  point  and 
relatively  lower  DC  power  consumption. 
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THE  EXPERIMENTAL  INVESTIGATION  OF  THE  SUPER-SLOW 

ELECTROMAGNETIC  WAVES  IN  THE  PERIODIC  SEMICONDUCTOR  STRUCTURE 

A. A. Bulgakov,  S. K. Kondrashin,  V.V.Kutu2ov 

Institute  o-f  Radiophysics  and  Electronics, 

Acad,  o-f  Science  o-f  Ukraine,  12  Proscura  st., 

310085  Kharkov  ,  Ukraine 

It  was  predicted  in  the  works  C13  the  possibility  o-f  the 
superslow  magnetic  waves  existence  in  the  periodic  structures  formed 
by  the  semiconductor — dielectric  layers.  The  theoretical  estimation  for 
modern  semiconductor  materials  shows  that  the  accessible 
electromagnetic  wave  sloviing-down  value  is  equal  to  i0^..3xl0^.  Such  a 
great  slowing-down  is  conditioned  by  both  the  structure  periodicity 
and  the  specific  distribution  of  the  electromagnetic  field  in  the 
structure  layers. 

In  order  to  verify  this  supposition  the  authors  carried  out  the 
experimental  investigation  of  the  periodic  structure  wave  properties. 
This  structure  consists  five  InSb-sitall  layer  pairs.  The  thickness  of 
every  layers  is  0.25  mm  <InSb)  and  0.35  mm  (sitall).  InSb  has  such 
parameters*  concentration  -  10*®  cm'*,  mobility  -  5«10*  cm*V“*s“*.  The 

dielectric  constant  of  the  sitall  is  equal  to  13.2.  The  structure 
dimension  is  3. 5x6. 5  mm*.  It  is  placed  in  the  rectangle  waveguide  in  a 
such  way  that  layers  plane  is  parallel  to  the  waveguide  big  wall.  Such 
an  experimental  configuration  is  connected  with  the  magnetic  field 
unsusceptibility  of  the  structure  own  oscillations  when  it  is  placed 
parallel  to  small  wall.  The  external  magnetic  field  controls 
effectively  such  structure  parameters  as  the  frequency  gap  cone 
disposition  and  the  wave  attenuation. 

It  is  important  to  mention  the  peculiarity  of  the  waveguide 
used.  The  waveguide  transversal  wave  number  is  defined  by  the  big 
wall  dimension  and  dielectric  filling.  The  corresponding  structure 
wave  number  depends  upon  big  wall  structure  dimension,  the  relation 
between  layers  thicknesses  and  their  numbers,  the  constant  magnetic 
field  amplitude.  Therefore  when  waveguide  is  completely  filled  along 
big  wall,  the  wave  type  of  interest  cannot  be  activated.  In  order  to 
avoid  such  situation  one  used  partial  waveguide  filling  -  the 
structure  dimension  in  cross-section  along  big  wall  is  equal  to  3.5 
mm.  The  big  v»al  1  dimension  of  the  waveguide  measuring  section  is  equal 
to  7.2  mm.  In  such  configuration  it  is  possible  to  some  extent  the 
change  of  the  periodic  medium  wave  number  by  structure  shifting  along 
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big  wall.  The  cryogenic  device  includes  the  measuring  section  and  is 
placed  between  the  magnet  poles  in  such  way  that  strength  lines  of  the 
magnetic  -field  are  directed  parallel  to  the  structure  layers. 

Experimental  investigations  consist  o^  the  varying  investigation 
o-f  the  amplitude-frequency  characteristics  of  the  measuring  section 
and  electromagnetic  wave  velocity  vs  external  magnetic  field  value. 
Experiments  were  carried  out  for  the  follov'iing  wavelength  ranges! 
b  mm,  S  mm,  15  mm  and  temperatures:  300  K,  78  K.  The  magnetic  field 
was  changed  from  0  to  7  kE.  During  experiment  authors  observed  in  some 
frequency  bands  both  monotonous  and  nonmonotonous  dependence  of  the 
electromagnetic  power  attenuation  coefficient  of  the  measuring 
section  upon  the  magnetic  field  value.  The  local  effects  of  the  same 
sign  are  in  the  range  1..4  GH.The  power  attenuation  decrease  reaches 
13  dB  in  above  mentioned  range  of  the  magnetic  field. 

The  authors  suppose  the  following  results  explanations.  When  own 
oscillations  are  activated,  electromagnetic  energy  in  the  structure  is 
absorbed  partially  by  it.  This  leads  to  attenuation  coefficient 
increasing.  The  external  magnetic  field  changes  the  dielectric 
constant  tensor  components.  As  a  result  the  energy  redistributed 
betvjeen  the  layers  of  semiconductor  and  dielectric.  The  dielectric 
energy  losses  are  much  greater  than  the  semiconductors  ones.  If  the 
magnetic  field  is  applied,  ths  main  part  of  the  own  oscillations 
energy  is  concentrated  in  dielectric,  that  results  attenuation 
coefficient  decreasing.  This  effect  has  been  observed  in  experiment. 

The  electromagnetic  wave  velocity  has  a  value  of  33±9  in  the 
frequency  bands  where  it  was  observed  the  essential  decrease  of 
electromagnetic  power  attenuation.  It  snould  be  noted  that  the 
tneoretical  estimation  the  slowea-down  velocity  for  the  similar  but 
infinite  structure  has  a  value  25  Cll. 

1.  Bass  F.8.,  Bulgakov  A. A.,  Tetervov  A.P.  V isokochastotn ie  svoistva 
po  lupr  ovodn  ikov  sci  sverhreshotkani,  Moscow,  Nauka,  19B9. 
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MM— Wave  Bi— Turning  VCO 

Wang  Dongj^n  and  Li  Donfu 

(Univ.  of  Science  and  Tech,  of  China,  Hefei,  China) 


INTRODUCTION 

Owing  to  the  progressing  of  MM— wave  scmiconduct  devices,varioiis  kinds  of 
MM— wave  systems  have  been  created  that  deaJ  with  different  work  fields.  The  simplified 
principle  of  a  MM— wave  pulse  doppler  system  can  be  seen  from  fig.l .  There,  the  function  of 
MM— wave  phase  locked  loop  is  that  the  recevied  signal  can  pass  through  the  crystal  filter  . 
Thus  a  double  turning  VCO  would  be  reqmred  in  the  system,  and  the  fine  turning  direction 
could  be  changed. 

As  we  know,  only  the  positive  turning  direction  can  exist  using  ordinary  principle,  the 
new  bi— turning  VCO  must  be  searching  for  a  new  structure  and  working  modle. 


ANALYSIS  AND  DESIGNING 


The  new  structure  of  the  bi-tuming  VCO  is  shown  in  fig.2.  The  varactorl'**coraposition 
with  Gunn  diode  in  the  main  cavity  works  with  the  ordinary  principle,so  that  the  varactor 
can  be  omitted  in  the  equivalent  circuit  analysis.  The  another  varactor  2*^ is  located  in  the 
frequency  turning  cavity  behide  the  high— Q  cavity,and  the  VCO  can  be  represented  in  a 
simplified  equivalent  circuit  fig,3.  As  seen  in  the  reference  place  a— a  to  the  right,  there  is: 

(1) 

By  putting  bg  =  0,  the  oscillation  frequency  (ois  determined  as: 


Q) 
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Thinking  about  the  characteristics  of  the  varactor,  two  kinds  of  conclusions  can  be  de¬ 
duced  from  eq  ,): 

1) Ifcrg(|^/]^0, 

the  frequency  co  increases  when  the  turning  voltage  increases  also,  ie.  positive  turning. 

2)  If  the  eq.(2)  rewrites  as; 
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It  is  clearly  seen  that  when  the  turn  voltage  increases,  the  capacitance  of  the  varactor 
^decreases,  then  the  frequency  a»  decreases  also.  In  other  words,  as  1  — 0.5>lg,  the  negative 
turn  can  be  completed  .  Thus  the  method  of  changing  turn  direction  by  varying  the  place  of 
shorting  plate  has  shown  a  useful  and  easy  way  for  VCO  designers  to  work  out  this  problem 
.  The  adimitance  seen  to  right  from  point  c-c  as: 

(2  _  2 
Qi 

=  (4) 


where 

i  1 

[C,(i,+Z.j)) 

putting  X^=0  will  detemine  the  oscillation  frequency  of  the  high-Q  cavity  containing 
the  varactor.  As  we  see,  the  value  of  Mjis  not  only  a  function  of  the  diameter  of  the  coupling 
hole  between  Wgh-Q  cavity  and  the  frequency  turning  cavity,  but  also  it  depends  upon  the 
value  of  a)o~co  ,  So,  coq  =  co  represents  the  maximum  coupling  condition,  and  the  high— Q  cav¬ 
ity  is  strongly  disturbed  by  the  varactor  ,  the  frequency  turning  band  will  be  wide;  otherwise  , 
the  band  narrow.  This  way,  the  turning  band  can  be  controlled  easily  ;  wide  or  narrow  ac¬ 
cording  to  what  usage  is  necessary  . 

In  the  same  way,  the  adimitance  at  point  e-e  is; 

Y^^G  +  jaC  +Y,  +  ~ 

^  d 

where 

Af,  =k^/  4l,L 

M]is  the  coupling  factor  between  the  main  cavity  and  the  high— Q  cavity. 

Putting  bj  =  0,  the  solution  is  the  oscillation  frequency  of  the  VCO.  The  analysis  above 
gives  a  brief  view  of  the  advantages  of  the  bi-tuming  VCO,  but  the  phase  noise  is  another 
important  characteristics  of  a  signal  source  especially  in  a  doppler  system.  It  is  a  common 
knowledge  that  to  reduce  the  phase  noise  of  phase  locked  source,  the  phase  noise  of  VCO 
must  be  lower,  especially  in  the  Fourier  frequency  far  from  the  carrier.  Phase  noise  of  a  cavi¬ 
ty  stabilizied  Gunn  oscillator  states  as: 
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(6) 


Where  F,  Pq,  foand  f„are  noise  figure  of  Gunn  diode  ,  carrier  power,  carrier  frequency 
and  Fourier  frequency  away  from  the  carrier,  respectively.  It  is  a  efficient  way  to  reduce  the 
oscillators  phase  noise  by  increasing  the  value  of  Qj.  So,  raising  the  Q  factor  of  high— Q  cavi¬ 
ty  and  expanding  the  value  of  co^-cagas  large  as  possible.  These  are  the  key  factors  in  consid¬ 
ering  a  iow  phase  noise  oscillators  design,  where  cooare  the  frequencies  of  main 

oscillator  and  high— Q  cavity  containing  the  varactor,  respectively.  But  increasing  the  value 
of  Q]Would  make  the  frequency  tunning  band  narrow.  It  can  be  seen  from  this  that  there 
have  contradictary  requirements  between  low  phase  noise  and  the  wide  frequency  turning 
band  ,  the  VCO  might  choose  a  suitable  value  for  both  phase  noise  and  the  frequency  turn¬ 
ing  band  of  the  VCO. 

EXPERIMEN  RESULTS  AND  CONCLUSIONS 

Based  upon  the  above  analysis  and  after  careful  design,  careful  examination  of  the  de¬ 
vice  and  fine  adjusting,  the  desirable  bi— turning  VCO  has  been  made  at  last.  The  main  char¬ 
acteristics  of  the  VCO  that  have  been  tested  by  the  Meterology  Station  of  Ministry  of 
Spaceflight  and  Aviation  are; 
output  power;  17~  20  db  mw 
rough  turning;  (10—20)  Mhz/  (0~  15)V 
fine  turning;  (  ±  1  —  ±  5)Mhz  /  (0  —  1 5)V 
phase  noise;  -eOdB^  /  Hz  (4  =  1  KHz) 

-93dB,/hz  (f„  =  50kHz) 

Inserting  the  bi— turning  VCO  to  the  phase  locked  loop,  the  phase  noise  spectrum  of  the 
phase  locked  source  is  the  same  as  that  of  a  standard  source - the  LO  osillator;  and  the  re¬ 

ceiving  singal  containing  the  doppler  frequency  of  a  moving  target  smoothly  passes  the  crys¬ 
tal  filter  to  the  back-end  of  the  system.  The  matter  shows  that  the  VCO  is  satisfactory  for 
the  doppler  system. 

Generally  speaking, the  Gunn  osillator  stabilized  by  a  high— Q  cavity  containing 
varactor  is  a  efficient  method  to  make  a  higlrquality  VCO. 

The  authors  thank  senior  engineer  Shen  Yijian  and  Mr.  Xiong  Huapin  for  their  help  in 
experimenting  and  discussions. 
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KA-BAND  GUNN.  VGO  S 


Li  Chengzi 

(The  Institute  of  Electronic  Engineering  of  PLA) 
Li  Yong 

(NO.  16  Institute,  the  Ministry  of  Machine-Building 
and  Electronics  Industries  of  China) 


ABSTRACT 


This  paper  describes  the  design  and  fabrication  method  of  Gunn.  VGO*  s  at 
xa-band.  amd  which  have  achieved  broadband  performances,  centre  frequency  in 
(31-39)  (jHz.  electronic  tunninge  range  APmax>l.  4GH[z.  The  Gunn.  VOy  s 
possesses  practical  usage  value. 

INTRODUCTION 


For  millimeter  systems  application  the  broadband  electronic  tunning  range 
of  oscillator  is  particalar  significance.  It  can  be  used  as  local 
oscillator  in  millimeter  wave  systems  or  rader  systems.  This  paper  detailed 
describes  the  design  and  fabrication  method  of  Gunn.  VCO’ S  at  Ka-band 
centre  frequency  in  31-39  GHz,  compares  the  tuning  performance  of  the  full* 
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Fig.  1  Gunn,  VCo  configuration 
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height  waveguide  resonator  with  the  reduced- height  waveguide  resonator. 
Fig.  1  (a)  (b)  show  the  structure  of  full-height  and  reduced- height  waveguide 
resonator. 

6m  RANGE  RECTANGULAR  RESONATOR 

The  lowest-order  propagating  mode  in  rectangular  waveguide  is  TElO.  also 
called  the  dominant  mode.  To  prevent  other  mode,  usually  select 
1.  06a<  ^  <1.  60a.  where  a  is  wide-side  in  rectangular  waveguide.  In  Ka-band 
waveguide  BJ-320.  a=  7.  112mm.  b^^S.  566nxD,  select  length  of  cavity  housing 
1=0.  6  ^ g=4.  SSSmn.  In  term  of  field  distribution  of  TElOl  mode  in  a 
rectangular  waveguide  resonator,  Gunn  diodes  and  varactor  are  installed  at 
middle  resonator.  The  length  of  reatonator  can  be  tunned  by  back- short,  so 
the  centre  frequency  of  VOO  can  be  set  up. 

'mEROT  OF  EXTENDING  ELECTRCNIC  TUNNING  RANGE 

In  term  of  perturbation  law; 

A  CO  /  03=  (Aim- AWe)  /  (Im+We)  (1) 

where  the  AWe  and  A%b  are  variations  of  electronic  and  magnetic 
energies,  the  We  and  are  electronic  and  magnetic  energies  in  resonator. 
A<o/cois  frequency  relatative  variation,  when  resonating,  We=!Rn.  so: 


We+lm=2We=2  (WO+Wv)  (2) 

where  the  WO  is  electronic  energies  in  resonator (no  contained  varactor), 
the  Wv  is  electronic  energies  in  varactor. 

Wv*CvW*/4  (3) 

Y*  (Cknax-(inin) /2  (CmaxtCinin)  (4) 

so  A  CO  /  cj  =  x  yWv/ (WO+Wv)  (6) 


From (5)  in  order  to  extend  tunning  range; 

(a) ,  select  varactor  with  big  Yand  high  Q. 

(b)  .  request  tight  couple  for  varactor  and  Gunn  diode. 

(c)  .  request  small  WO  and  low  Qi  resonator 

When  the  package  factor  is  conaided  the  tunning  range  can  be  shown: 

AF=FcO*  (CO-Cv)  'Pv/  (2Ql'Cv*Pl)  (8) 

Where  the  FcO  is  varactor  cutoff  frequency  in  xero  bais,  the  Ql  is  Q  factor 
asBoicated  with  the  load  varactor,  the  Pv  is  power  dissipated  in  varactor, 
the  PI  is  power  delivered  to  the  load  In  order  to  further  extend  tunning 
range,  we  modified  the  structure  of  the  resonator,  used  the  reduced-  height 
resonator,  lowered  Ql  of  the  osillator,  achieved  our  aim.  The  dimension 
parameter  of  the  resonator  are:  a=7.  Il2nm  b=3.  20QBm  1*4.  83Aim  Ab=0.  366mm 


HESULTS  OF  THE  EXPERIMENT 


The  equivlent  circuit  for  analys  is  shows  to  Fig.  2.  Taking  into  account  of 
package  of  Gunn  diodes  and  varactor.  We  used  the  small  resistor'  s  Gunn 
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Fig.  2  The  bais  and  equivlent  of  electronic  Gunn,  oscillator 

diodes  produced  by  66th  insititute  and  big  Y  varactor  produced  by 
Changchun  semi-  conductor  factory.  Fig.  3>6  shows  tunning  curves  of 
diffient  centre  frequency  in  full-  height  resnator.  Fig.  6-7  shows  tanning 
carves  of  diffient  centre  frequency  in  reduced-height  resnator.  Tab.  1  shows 
the  tunning  range  of  reduced- height  is  wider  than  that  of  full-height 
resonator. 


Tab.  1  Comparison  of  tunning  range  of  full-height  waveguide  with  reduced 
height  waveguide. 


centre  freq- 

tunning  ran- 

output  pow- 

type 

uency  ((Hz) 

ge  AF(GHz) 

er  PO  (mw) 

36.  37 

1.  26 

23 

reduced- height 

35.  63 

1.  41 

36 

resonator 

34.  722 

0.  13 

21  - 

full-height 

36.  243 

0.  22 

27 

resonator 

35.  680 

0.  38 

23 
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Fig.  3-5  f=34,  722  (f=35.  243  f=36.  580) Qiz 
in  fuil-height  resonator 


Fig.  6-T  f=3.5.  370  (f=35  530)  Qiz  it  reouL-ed-he ight  resonator 
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NEW  WAVE  PROCESSES  IN  THE  INHOMOBENEOUS  SEMICONDUCTORS 

AND  SUPERLATTICES 

F. 6. Bass,  A. A. Bulgakov,  S.  I.Khankina 

Institute  Radiophysics  and  Electronics, 

Acad,  of  Science  of  Ukraine,  12  Proscura  st. , 

31008S  Kharkov  ,  Ukraine 

The  new  types  of  waves  have  been  theoretically  predicted  and 
investigated,  the  formation  of  which  is  conditioned  by  the 
inhomogeneity  of  semiconductor  structure.  It  is  shown  that  in  the 
classical  superlattice  farmed  by  periodically  recapitulating 
semiconductor  and  dielectric  layers,  the  propagation  of  surface 
electromagnetic  waves  viith  phase  velocities  of  the  order  of  10  cm/s 
is  possible.  The  spectrum  of  these  oscillations  depends  considerably 
upon  the  physical  parameters  of  the  semiconductor  and  structure 
geometry  and  the  wave  deorement  is  determined  mainly  by  dissipative 
processes  in  the  dielectric.  Namely  this  fact  leads  to  a  considerable 
deceleration  of  electromagnetic  wave  in  comparison  with  the 
deceleration  in  an  inhomogeneous  semiconductor. 

The  waves  in  an  inhomogeneous  semiconductor  have  been  also 
investigated  for  the  case  whenthe  concentration  of  charge  carriers  in 
semiconductor  and  plasma  frequency  are  the  function  of  the 

coordinate  r.  If  the  constant  electric  field  is  applied  in  the 
direction  of  concentration  variation,  then  the  propagation  of 

inhomogeneous  waves  of  the  concentration  is  possible  under  an  angle  to 
this  direction.  Their  existence  is  conditioned  both  by  longitudinal 
oscillations  of  carrier  with  plasma  frequency  u>  and  transversal 
oscillations  with  the  frequency  <«>„  =  <gfe  ^  where  q  is  the 

impu  ity  gradient,  is  the  electrical  analog  of  the  internal 

hydrodynami cal  waves  frequency.  The  amplitude  of  such  wave  has  its 
maximum  value  near  the  layer  in  which  the  plasma  frequency  is  close  to 
the  wave  frequency.  Thus,  in  different  layers  being  perpendicular  to 
concentration  variation  direction,  the  waves  with  different 
frequencies  propagates.  While  the  external  electrical  field  is 
absence,  the  inhomogeneous  concentration  waves  have  an  interesting 
peculiarity!  the  wave  number  component  in  the  plane  r»const  is 
proportional  with  gl,  where  7  is  a  natural  number.  Hence  the 
characteristic  linear  dimension  of  concentration  variation  g~* 
determines  imambiguously  the  periodicity  of  the  field  in  perpendicular 
pi ane. 
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CONTINDOOS  RADIATION  GENERATORS'  UTILIZATION  IN 
COHERENT  MILLIMETER  RADARS.  RADIATION  PROPERTIES, 

CONSTRACTION  SCHEMES.  RESULTS  OF  EXPERIMENTS 

Alexey  A.  KOSTENKO,  Grigoriy  I.  Khlopov,  Victor  P.  Sheatopalov, 

Uriy  V.  Yakimchiyk 

Institute  of  Radiophisics  &  Electronics  Academy 
of  Sciences  of  the  Ukraine 
12,-  Acad.  Proskura  st.,  Kharkov,  310085,  Ukraine 

The  constraction  scheme  of  coherent  radars  with  continuous  radi¬ 
ation  is  in  accord  with  the  general  idea  of  a  classical  interferome¬ 
ter,  the  arms  of  which  are  represented  by  the  tracks  of  reflected  and 
reference  signals.  The  presence  of  frequency  fluctiations  of  the  ge  - 
nerator  leads  to  a  shift  in  phase  estimation  of  the  reflected  signal 
and  this  phase's  derivative.  Besides,  in  millimeter  band  it  is  chara- 
cteriistic  that  the  role  of  technical  fluctuations  increases,  which 
have  got  non- stationary  nature,  which  in  its  turn  doesn't  allow  to 
use  spectral-correlation  theory  [1]  while  examining  generator  para¬ 
meters  applied  to  the  concrete  working  conditions. 

In  this  article  we  provide  an  analysis  of  the  effect  which  sub- 
stantionally  non -stationary  frequency  fluctiations  produce  on  the 
work  of  coherent  radars  and  we  suggest  a  new  criteria  for  estimating 
radiation  quality  of  the  transmitting  devices.  Besides,  we  have  deve¬ 
loped  a  method  of  taking  measurements  and  have  stadied  experimentally 
different  vacuum  and  solid-state  generators  of  millimeter  band. 

Examining  the  signal  at  the  input  of  linear  part  of  the  reciver 
of  the  coherent  radar,  it  has  been  shown  that  with  the  change  of  ve¬ 
locity  of  the  object  being  stadies,  mean- square  error  is  determined 
by  the  following  expression 

0'v=C/Vo*v'd^(T,-t)  .  (1) 

where  C-is  velocity  of  light  in  vacuum,  Vp-velocity  of  object's  move¬ 
ment,  d.^CTj'cj-modif ied  structural  function  for  relative  fluctuations 
of  generator  frequency,  T-time  of  observations , nr -time  of  signal  pro¬ 
pagation  to  the  object  and  backwards,  d  -represents  mean-square  dif  - 
ference  of  generator  frequency,  averaged  in  iterval  T  and  measured  at 
the  time  moments,  which  differ  by  the  interval  t 

d^CT,<t;)=l/2*<rV(tvTl-V(t)3^>  , 

t+T 

t 

where  U3q-  carrier  frequency  of  emitted  oscillations, AtO  (t)  54j(t) -CL)p- 
random  frequency  fluctiations.  Thuse  from  the  phisical  point  of  view 
the  value  \/cr5  corresponds  to  the  short-term  nonstability  of  genera  - 
tor  frequency.  As  the  measurement  error  <5^^  is  inversely  proportional 
to  velocity  Vp  and  is  proportional  to  time'p,  then,  as  the  numerical 
analysis  show,  when  the  distances  tr  the  object  are  sma 1 1  ( < 1  km)  the 
generators  even  with  noticable  frequency  fluctuations  (  /vl0'“®) 

allow  to  provide  for  coherent  signal  processing  reflected  from  trans¬ 
portation  vehicles,  moving  with  velocities  approxiroateli  100  km/hour. 
At  the  same  time  while  locating  objects  moving  at  small  velocities 
(Vp<10  kin/hour)  and  at  great  distance  from  the  radar  (>3  km),  the 


(2) 

(3) 
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the  requirements  to  the  radiation  qnality  become  very  strict 

<  n/3!^  <  10 "'®  )  . 

The  scheme  of  measuring  test  bed  for  examining  of  radiation  pro¬ 
perties  in  accordance  with  a  suggested  criteria  of  radiation  quality 
is  shown  in  Fig.  1.  The  spectrum  of  a  radiation  of  the  tested  gene  - 
rator  1  is  transfered  into  radio- frequency  range  by  means  of  a  shift 

with  ‘the  oscilations  of  the  - 

frequency  standart  assembly  2.  1 - 

Frequency  difference  voltage 
from  the  output  of  mixer  3 

arrives  at  two  digetal  frequ-  3  — “ 

ency  meters  4,6  the  control  of  'T 

which  is  provided  by  the  gene-  _ 

rator  of  trigger  pulses  6.  It  2  - - 

should  be  noted  that  frequency 
meter  4  is  actuated  directly  Fig,  1. 

and  frequency  meter  5  is  actu¬ 
ated  after  interval 'C  ,  which  is  determined  by  the  delay  iline  7 .  The 
time  of  observation  T  and  interval  are  established  in  accordance 
with  the  suggested  mode  of  radar,  and  generators  being  investigated 
should  be  of  the  same  type  and  be  in  the  same  conditions  in  order  to 
provide  for  the  equality  of  dispersions  of  their  friquencies'  flu¬ 
ctuations.  Difference  frequency  measurement  error  limits  the  estimate 
cf  maximum  small  values  of  short-term  non-stability  by  the  value 

Vd^  10  ^ 

The  results  of  inves-  o _ 2 - - - —3 

tigatlons  of  vacuum  and  4 

solid-state  generators  of  ^ 

f ourmilliraeter  rsjige  are  g  - -  ® 

shown  in  Fig. 2  (1-IMPATT-  i  - - - - - 

diode  with  stabilizing  %  5 

resonator,  2-dif fraction  g  ~  _ -a _ ^ 

radiation  generator,  3-  S  .  — - - - 

TWT ,  4- IMP ATT  •  diode  with-  3 

out  stabilization  re so  -  g 

nator,  5-klistron).  Bet-  ° 

ween  not-powrful  devices  ^ 

the  lea^  unstable  frequ- 

ency  (  vd^'^10“®)  is  cha-  Jiq  ~ 

racteristic  of  IMPATT-di-  g 

ode  with  high  Q- factor  ” 

(Q'v7000)  stabilizing  re-  ^  ^ 

senator  ( curve  1 )  ,  in  1 

which  effective  auppreasl-  o 
on  of  quick  frequency  flu-  ^ 

ctuations  of  radiated  os  -  ^  "■ 

cillations  is  achieved.  g 

For  powerful  generator  de-  w 

vices  the  best  character!-  1  -  '*2 

sties  may  be  attributed  to  ^ 

the  diffraction  radiation  o 

generator  [2],  for  which  ^  *1  «»  - - o— — - ® 

high  quality  of  radiation  >]q~^0L2  i  ,  „  ,  _ _ 1 - 

(curve^2)  is  Provided  ^0  ,^0  70  100 

owing  to  the  high  Q- factor 

(Q^ 3000)  resonance  system  jjjjg  Qy  pROPAGAHOrr  (  a) 

and  isolated  spase  of  in  - 

teraction  and  energy  output.  Fig.  2. 


TIME  OP  PROPAGAHOrr  (  a) 


•  164 


At  the  same  time,  for  TWT  (curve  3)  and  klystron  (curve  4)  it  is  cha¬ 
racteristic  to  have  higher  value  of  electronic  shift  of  frequency  and 
lower  Q-factor  resonance  system,  in  connection  with  which  the  influ¬ 
ence  of  technical  unstabilities  is  much  higher . Juxtaposed  characte  - 
ristics  may  be  attributed  to  IMPATT-diode  with  low  Q-factor  resonance 
si stem  (curve  5). 

Taking  into  consideration  the  experiments,  which  have  been  car¬ 
ried  out  on  the  basis  of  IMPATT-diode  and  diffraction  radiation  gene¬ 
rator  there  has  been  created  a  series  of  coherent  technological  ra  - 
dars,  designed  for  velocity  measurement  of  the  railway  vehicles,  sea 
ships  as  well  as  for  learning  the  characteristics  of  propagation  of 
coherent  radiation  of  twomillimeter  range  in  next  to  the  earth  layer 
of  the  atmosphere.  Among  the  peculiarities  of  receiver-transmitter 
schemes  of  such  radars  we  can  name  utilization  of  the  principle  of 
floating  intermediate  frequency"  [3],  which  allows  to  practically 
achieve,  using  simple  means,  the  coherent  accumulation  of  a  signal 
and  to  increase  significantly  the  range.  In  the  papers  there  can  be 
found  the  schemes  of  radar  construction,  their  characteristics  and 
the  results  of  research  in  natural  conditions. 
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The  Attenuation  of  Electronagnetic  Waves  Due  to  Fog 

Professor  D  J  Harris,  University  of  Wales  College  of  Cardiff,  Cardiff,  DK 


The  operation  of  optical,  infrared  and  millinEtric  systeoB  using  propagation 
through  the  atmosphere  noy  be  affected  by  fog.  An  overviev;  of  the  situation  is 
given  from  the  st^dpoint  of  a  potential  user- 

wavelength  limitations  due  to  molecular  absorption.  Radiation  nay  he  attenuated 
by  molecular  absorption,  and  this  is  shown  in  fig.l.  For  wavelengths  <  Unn  or 
>  lOmn,  this  attenuation  will  be  snail.  In  the  approximate  range  30  to  60Qum 
the  attsiuation  is  greater  than  SOdBAm  and  applications  will  be  limited  to  short 
ranges.  Across  the  remaining  part  of  the  spectrum  the  wavelength  oust  be  chosen 
to  avoid  excessive  attenuation. 


Attenuation  due  to  fog. Two  approaches  to  the  determination  of  attenuc^tion  can  be 
taken,  (i)  computational  predictions  based  on  fog  parameters  and  (ii)  predictions 
based  on  experimental  measurements  of  fog  attenuation  and  parameters. 

Analytical  approach.  Fog  can  be  characterised  by  water  content ( g/m- ) ,  droplet 
size  distribution,  and  ten^jerature .  fhergy  may  be  lost  by  scattering  and  absorption. 
Fog  droplets  are  approximated  as  dielectric  spheres  with  a  cooplex  refractive 
index.  Loss  characteristics  then  depend  on  the  dimension  of  the  spheres  relative 
to  the  wavelength.  The  temperature  nay  affect  the  refractive  index.  A  practical 
fog  consists  of  water  spheres  with  a  drop  size  distribution  ,  and  the  effect  of 
the  drops  must  be  summed  over  a  unit  volume. 

The  basic  th'-cry  of  scattering  and  absorptirai  by  spherical  dielectrics  of  refractive 
index  m  =  n  -  jn'  was  established  by  Mie'D.  The  power  loss  due  to  a  single  object 
is  given  by  the  scattering,  absorption  and  extinction  cross-sections  Csj.3, 
and  Cgx*-  where  Cgxt^sca'*^abs-  ^  normalised  to  give  Qext^'^^fixt'^^^ 

were  r”is  the  sphere  radius. The  full  analysis  involves  an  infinite  sumration  of 
complex  expressions,  but  some  limitations  can  be  applied. 

The  conplex  refractive  index  of  water  is  tabulated'^ ' ,  and  shown  in  figs. 2a  &  b. 
Sample  values  for  m  are;- 

A  =  0.65um  m  =  1.33  -  jl.M  10~8  X  s  3nri  m  =  2.77  -  jl.32 

A  =  10. m  =  1.18  -  j0.08  A  s  lOimi  m  =  4.3  -  j2.6 

Using  the  Mie  expressions,  the  value  of  ^  computed,  as  illustrated  in 

fig. 3  fcr  A  =  3. 5^01.  Three  regions  can  be  classifie.!:-  region  A, the  Rayleigh 
approximation  for  2vr/Ml;  region  B  where  the  Mie  approach  or  its  approximation 
must  be  used,  ana  legion  C  where  the  drop  radiu^SA,  when  Qext'*'-- 


Rayleigh  scattering-region  A.  If_^2nrA<il,  Q^j-t  can  be  approximated_ 
Qe>rt  "  Osca  t^bs 


s  =  I  4  [^)  (-K)  where  K  = 


m- 


ly:- 
-  1 


■Absorption  predoni nates  e.xcept  where  Ijn(-K)  is  very  small. 

At  millimetric  wavelengths  Qe.rt''Qabs'  attenuation  in  dB/hot,  =  8.2(M/a)Iij,(-K)  , 

where  A  is  in  im  and  M  is  the  water  content  (g/m’).  This  Loss  is  shown  in  fig. 4 
for  a  water  conter.t  of  Ig/m^.  The  loss  is  proportional  to  water  concent. 

Mie  scattering-region  B.  The  power  loss  in.  this  region  is  sensitive  to  drop-size 
distribution,  which  is  needed  for  the  suinnation.  The  Mie  approach  is  lengthy  and 
complex,  but  an  alternative  approximation  is  available^^^  within  limits. The  drop  size 


distribution  and 

water  content  depend  on  fog  type  and  density. 

but  the  distribution 

expression  n(r)  = 

;  ar  exp( 

-br)  has 

been  used 

to  model  fogs 

and 

clouds.  Typical  values: 

Fog  type 

a 

N(cin~ 

3)  a 

b 

M(g/m3) 

1 .  Advection  fog 

3 

10 

20 

0.027 

0.3 

0.37 

2.  Advection  fog 

3 

8 

20 

0.066 

0.38 

0.19 

3.  Radiative  fog 

6 

4 

100 

2.37 

1.5 

0.063 

4.  Radiative  fog 

6 

2 

200 

607 

3.0 

0.016 

r^,  is  the  peak  distribution  radius  and  M  is  the  water 


N  is  the  total  drco  number, 

content.  These  are  shown  in  fig. 5.  Recent  measurements  with  better  resolution 
show  that  large  populations  of  sub-micron  drops  can  exist,  and  that  distributions 
can  be  bimodal.  Tne.'^e  can  lead  to  increased  attenuation  at  the  shorter  wavelengths. 
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Calculated  attenuation  of  IM  radiation  through  fog 

Itie  variation  of  attenuation  with  wavelength,  obtained  by  sunning  the  Hie  extinctiOTi 
across  the  fog  droplet  distributiais  of  the  table,  are  shown  in  fig. 6.  This  3!k3ws 
the  low  attenuations  at  millimetric  wavelengths,  and  the  way  in  iduch  the  smaller 
droplet  size  distributions  increase  the  relative  attenuations  at  the  very  short 
wavelengths.  >feny  publications  give  ecn^ted  attenuations  based  on  particular 
dro{»ize  distributions.  Pinnick  et  al^^  determined  attenuations  using  341 
measured  distributions  to  determine  extinction  coefficients  (attenuation  in  dB  = 

4.3  X  ext.  coef.)  as  a  function  of  fog  water  content  at  several  wavelengths.  Two  are 
shown  in  figs.  7  (a)  and  (b)  for  0.55  and  The  lines  correspond  to  linear 

relationships.  For  fog  with  0.2g/m’  water  content,  these  give  attenuations  of  200 
and  80  dBAm  at  0.55  and  Hum  respectively. 

Measured  attenuation  due  to  fog. 

Values  have  been  reported  for  the  overall  attenuation  along  a  given  transmission 
path  in  fog,  but  they  vary  widely,  and  quantifying  values  for  fog  conditions  are 
rarely  given.  To  enable  comparisons  to  be  nade,  simultaneous  measurements  are  needed 
of  attenuation,  water  content  and  droplet  size  distributions.  This  is  not  easy, 
and  conditions  vary  along  the  path. 

Since  attenuation  is  not  sensitive  to  fog  drop  size  at  millimetric  wavelengths, 
predictions  and  measurement  should  give  good  agreement,  and  this  has  been  shown 
experimentally.  Millimetric  attenuation  measurements  can  therefore  be  used  to 
determine  water  content.  Early  measuranents^®)  used  a  3inn  radar  and  lasers  at  0.63, 

3.5  and  10.6fira  along  the  same  path.  Attenuations  greater  than  50dB  over  a  2.6km 
path  at  0.63iuin  were  obtained  with  a  mean  water  ccmtent  along  the  path  of  about  O.lg/m^, 
but  a  mismatch  of  sensitivities  made  a  wider  correlation  difficult  to  obtain. 
Measurements  using  an  open-resonator at  3lBn  wavelength  with  an  axial  laser  beam 
at  0.63pm  for  artificial  fogs  gave  the  results  shown  in  fig. 8. There  is  considerable 
scatter  of  results,  but  for  very  dense  fogs  of  O.Sg/m-  an  attenuation  of  nearly 
2000dBAm  is  indicated.  This  is  considerably  in  excess  of  predictions  from  figs  6 
and  7,  but  more  in  line  with  the  linear  extrapolation  of  7(a).  This  differance  may 
be  due  to  the  presence  of  submicron  drops  in  the  fog. Measurements  have  also  been 
carried  out  on  extinction  coefficient  and  water  content  for  laboratory  fogs  at  about 
10pm  wavelength.  Fig. 9  shows  the  results  of  one  such  measurement^®)  at  10.59|pm.At 
this  wavelength  a  linear  relationship  has  been  found,  giving  extinct.  coeff.»  ISOknr^ 
per  g/np. 

There  seems  to  be  a  dearth  of  simultaneous  measurements  on  attenuation  and  water 
content  for  natural  fogs  in  the  open  literature. The  use  of  millimetric  open- resonators , 
or  ippm  laser  attenuation  measiurements ,  might  allow  water  contarjt  to  be  determined. 

Conclusions 

At  millimetric  wavelengths  the  attenuation  closely  follows  the  Rayleigh  predictions, 
being  insensitive  to  droplet  size  distributions,  giving  3dBAm  for  Ig/m^  at  3nin. 

For  the  range  30-600|um  the  Rayleigh  approximation  may  still  be  used,  but  molecular 
absorption  >  50dBAn:  limits  applications  to  very  short  ranges. 

For  the  range  0.5-30pm  predictions  are  less  clear.  At  about  IQum  .attemaation  is  given 
by  ar  630M  dBAm,  where  M  is  in  g/m^.  Theoretical  predictions  are  available,  but 
for  wavelengths  belcr-  lOpm  they  are  drop  size  distribution  dependent.  Confirmation 
experimental  results  seem  to  be  few  and  show  discrepancies  with  predictions,  and 
further  ejqjerimental  work  would  seem  to  be  called  for. 
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A  NEW  MODEL  OF  FREQUENCY  SCALING  OF  RAIN  ATTENUATION 
Huang  Jie  and  Hu  Dazhang 
Qingdao  Research  Center  of 

China  Research  Institute  of  Radiowave  propagation 
33  Fu  Long  Shan,  Qingdao,  China  (266003) 

Abstract:  A  new  empirical  model  for  frequency  scaling  of  rain  attenuation  on  terre¬ 

strial  path  is  proposed.  This  model  based  on  the  experimental  data  of  rain  attenuation 
from  different  region  in  the  world,  such  as  the  China,  Japan, UK, Sweden,  FRG  and  Italy. 
Comparison  with  the  current  models  of  frequency  scaling  of  rain  attenuation  is  made. 
Because  a  region  factor  o.ol  is  included  in  the  our  model,  thus  predict  precision  is 
improved  and  is  good  than  the  other  model.  This  model  applies  to  a  range  of  frequency 
of  10-80  GHz. 

(1) .Introduction: 

Frequency  scaling  method,  which  the  rain  attenuation  at  one  frequency  is  predictor 
by  the  rain  attenuation  measured  at  other  frequency  ,  is  very  importance  as  to  design 
of  radio  system  at  frequency  above  10  GHz.  In  recent  years  a  number  of  scientists  have 
investigating  on  the  frequency  scaling  of  rain  attenuation  [1],  [2],  [3],  [4],  hht5]. 

Reviewing  the  current  models  of  frequency  scaling  of  rain  attenuation,  we  need  to  do 
following  three  improvements  on  the  frequency  scaling  of  rain  attenuation: 

(a) ,  to  add  some  data  of  rain  attenuation  from  China  in  the  model  of  frequency  caling; 

(b)  -  to  extend  the  range  of  frequency  region  to  80  GHz; 

(c)  .  to  add  a  region  factor  of  Ro.ol  in  the  model  of  frequency  scaling  of  rain  attenu¬ 
ation. 


(2).  Data  of  ram  attenuations 

In  order  to  offer  a  new  model  of  frequency  scaling  of  rain  attenuation,  we  had 
made  an  experiments  of  ram  attenuation  at  frequencies  of  12,  25.3.  33.5  and  72.0  GHz 
on  a  terrestrial  path  with  1.26  KM  in  Qingdao  during  1986-1988  [6]  and  had  also  made 
an  experiment  of  rain  attenuation  at  frequencies  of  12.  25.3  and  33.5  GHz  on  a  terres¬ 
trial  path  with  2.5  KM  m  Xir.xiang  during  133i-19St  [T] .  la  order  to  add  the  suitable 
region  of  the  frequency  scaling  of  ram  attenuation, we  bad  also  collected  some  data  of 
rain  attenuations  from  UK,  Sweden,  FRG,  Italy  and  Japan  [8] .  These  data,  which  are  a 
statistic  value  of  cumulation  distribution  of  ram  attenuation  above  one  year  are  li¬ 
sted  on  the  Tab.  1.  The  parameters  of  frequency,  polarization,  length  of  path,  easured 
period,  during  and  cumulation  distribution  of  ram  intensity  are  also  liste  in  the 
Tab.  1. 


Tab.  1.  Long-term  distribution  of  rain  attenuation  at  frequencies  above  lOGHz 


Location  I Fre-lPo- 
(Nation) Ique. 11a- 
IGHz  Ir. 


len- 1  peri- j ye- i Rain  attenuation  in  dB  and  rainfall  intensity  in  mm/h 
gth  lod  iars!  e.xceeded  for  various  percentages  of  t.ime  (%) 


(km)  j 


I- 


r  t 

I  ) 

1  1 

10.001 

0.002 

10. 00310. 00610. 01 

10.02 

10.03 

0.06 

0.1  ! 

Qingdao 

112.01 

V 

1.26186-891 

4 

!  3.1 

— 

2.8 

1  2.6 

1  2.3 

« 

1  1.9 

.  j 

1  1.7 

.  1 

I  1.4 

1.1 

0.7  1 

125.3! 

V 

1.26186-891 

4 

1 

10.7 

1  9.3 

1  7.7 

1  7.2 

1  6.1 

1  5.4 

3.7 

3.0  1 

(China) 

133.5! 

V 

1.26188-891 

4 

j 

17.0 

116.4 

110.6 

1  9.5 

1  7.9 

1  7.0 

5.0 

3.9  1 

172.01 

V 

1,26188-89! 

2 

1  - 

- 

1  ** 

1  ^ 

1 

117.0 

113.8 

112.6 

11.2 

7,9  1 

1  *  1 

1  1 

! (110) 

.'85) 

1(74) 

i(52) 

1  (45) 

1(31) 

1(24) 

(12) 

(10)  1 
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Xinxiang 

112.01 

H 

!2.5  180-841 

5 

!  6.3 

1  5,8 

1  8.2 

1  4.0 

I  3.5 

1  2.6 

1  2.4 

1  1.9 

1  0.9 

)25.3I 

H 

!2.5  180-84! 

5 

114.8 

112.7 

111.5 

1  8.8 

1  7.6 

1  5.7 

1  4.9 

1  3.0 

1  1.5 

(China) 

33.51 

H 

!2.5  180-84! 

5 

130.0 

I2£.6 

124.8 

120.5 

116.5 

111.0 

1  9.4 

1  6.8 

1  4.8 

•  1 

!  1  ! 

!  (98) 

I  (82) 

1(71) 

1(51) 

1(42) 

1(26} 

1(21) 

1(14) 

1  (3) 

Meidle- 

19.41 

V 

17.4  173-75! 

3 

118.6 

114.7 

112.9 

19.9 

18.1 

16.0 

1  5.2 

1  4.2 

1  3.2 

sham 

36.1! 

V 

!7.4  173-75! 

3 

1 

1 

132.2 

131.0 

127.0 

122.7 

118.6 

115.7 

113.3 

111.9 

(U.K) 

1 

!  f  ! 

1(50) 

1(39) 

1(32) 

1  (23) 

1(18) 

1(13) 

1  (10) 

1(6) 

1 (4.5) 

Stockho- 

110.81 

B 

115.0176-77! 

2 

115.2 

112.0 

110.4 

1  9.1 

18.4 

1  6.8 

1  - 

»  -  1  —  1 
»  (  i 

Im 

17.91 

8 

115.0176-77! 

2 

1  - 

130.0 

127.2 

122.8 

119.2 

114.0 

112.2 

110.0 

1  9.0  1 

(Sweden) 

36,0! 

H 

115.0176-77! 

2 

1  - 

1  - 

1 

* 

156.0 

147.0 

135.0 

130.0 

124.0 

1  21.01 

*  1 

1  !  ! 

1(70) 

1(52) 

1(43) 

1(30) 

1  (23) 

1(17) 

1(14) 

1  (9) 

1  (6)  1 

Darmsta- 

12.41 

B 

120.0!  76  ! 

1 

119.6 

116.8 

114.8 

111.6 

1  9.2 

1  6.8 

1  5.4 

1  3.7 

1  2.8  1 

dt 

15.0! 

H 

120.01  76  ! 

1 

128.4 

123.0 

120.9 

116.8 

114.1 

110.4 

1  9.0 

1  5.6 

I  4.6  1 

29.01 

H 

120.0!  76  ! 

1 

4  .. 

1 

1  _ 

1 

1 

1 

146.0 

139.0 

132.0 

127.4 

122.0 

118.0  1 

(FRG) 

39.01 

H 

120.0!  76  ! 

1 

1  “ 

1  - 

i  "■ 

1  « 

1 

t 

1  - 

« 

136.0  127.5  1 

*  1 

1  1  1 

1  i  t 

!  (50) 

1  (43) 

1  (38) 

1  (28) 

1  (22) 

1  (16) 

i(12) 

1  (8) 

1 (5.5)  1 

Fucino 

11.01 

V 

!  9.5175-77! 

2 

!16.0 

114,0 

112.7 

1  9.2 

1  7.6 

!  6.0 

1  4.8 

1  4.1 

1  3.0  1 

17,8! 

V 

:  9.5175-77! 

2 

129.8 

125.6 

123.3 

119.1 

115.6 

112.1 

110.7 

1  8.1 

1  6.3  1 

(Italy) 

*  ! 

<  1  1 

)  1  < 

1 (100) 1 (75) 

!  (64) 

1  (47) 

1  (35) 

1  (25) 

1  (20) 

1  (14) 

1  (9)  1 

Tokyo 

11,5! 

C 

1  1.3179-80! 

1 

!  6,3 

15.5 

:5.o 

13.4 

13.1 

11,8 

11.3 

10.9 

10.8  1 

1 

34.5! 

C 

!  1.3179-801 

1 

1 

1  _ 

1 

1 

1 

119.3 

116.3 

111.3 

1  9.9 

1  6.6 

1  5,0  1 

(Japan) 

81.8! 

C 

!  1.3179.80! 

1 

j 

1  - 

1 

1 

133.8 

129.3 

124.5 

121.7 

117.4  114.6  1 

1 

♦ 

*  ! 

1  (  1 

1  1  < 

i (109) 

1  (98) 

1(94) 

1(83) 

1  (66) 

1  (42) 

1  (33) 

1  (22) 

1(17)  1 

*  Value  in  parenthesis  is  represented  rainfall  intensity. 


(3)  Kodel  of  frequency  scaling 

From  Table  1  we  chose  rain  attenuation  exceed  0.01%  of  time  to  represent  the  measu¬ 
red  value  of  rain  attenuations  for  each  path.  There  are  pair  of  rain  attenuations 
(f2>fl)  of  20  sets,  which  get  data  with  same  frequency,  same  polarization  and  same 
path  from  in  the  Table  1.  Besed  on  the  data  of  20  sets,  a  empirical  model  of  frequency 
scaling  of  rain  attenuation  is  derived.  The  value  of  A2,  which  is  the  rain  attenuation 

at  frequency  of  f2,  may  be  expressed  by  the  value  of  Al,  which  is  the  rain  attenuation 

at  frequency  of  fl,  as  follows: 

f2  H 

A2  =  Al  ( - ) 

fl 

where  H  is  a  empirical  coefficients,  which  is  a  function  of  the  frequencies  of  fl.  f2 

;  ram  attenuation  Al  and  rainfall  intensity  for  o.ol%  of  the  time  Ro.ol,  as  follows 

H  s  2. 2154+0. 0039fl-0.012gf2-0.0191Al-0.'(3044Ro  ol 

where  fl  and  f2  are  in  GHz;  Al  is  in  dB  and  Ro.ol  is  in  mm/h. 

Assuming  fl  =  10  GHz  and  Al  =  2  dB,  a  relation  between  the  parameter  A2/A1  and  fre¬ 

quency  for  two  rainfall  intensity  Ro.ol  =  40  mm/h,  which  represented  as  temperature 
,  region,  and  Ro.ol  =  80  GHz,  which  is  represented  as  the  tropical  and  subtropical 
region.  The  relation  between  values  of  A2/A1  and  frequency  are  shown  in  the  Fig.l. 

A  predictive  results  of  rain  attenuation  using  the  model  of  exponential  model  (CCIR) 

IS  also  shown  in  this  figure. 

For  P  %  of  the  time  of  the  rain  at-  tenuation  A(P%)  is  by  CCIR  CIO] 

-(0. 546+0. 0431g  P) 

A(P%)  =  0.12  A(0.01%)  P 
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where  A(0.01%)  is  the  rain  attenuation  for  0.01%  of  the  tine  bf  the  foraula  of  frequ¬ 
ency  scaling. 


Fig.  1.  The  relation  between  predicted  rain  attenuation 

and  frequency  using  CCIR  model  and  our  model (Ala2dB,  fl=10  GHz) 


(4) .  Comparison  with  other  models 

Review  on  aspects  of  the  frequency  scaling  of  rain  attenuation,  there  are  five  mo¬ 
dels  with  typical  meaning  :  Linear  model.  Exponential  model  [2],  Bodge  model  (3], 
Boithias  model  [1],  Modified  model  [11].  In  order  to  estimate  the  precision  for  vari¬ 
ous  models  of  frequency  scaling  of  rain  attenuation,  a  parameter  of  S,  which  is  mean 
square  error  of  predictive  value  of  rain  attenuation,  is  defined  as: 

|~1  I  2 

S  =  J  —  j  (A2i-A2i') 
n  1=1 

where  A2i  and  A2i’  are  noted  as  measured  and  predictive  value  of  rain  attenuation  for 
ith  set.  Based  on  rain  attenuation  data  ,  the  results  of  mean  square  error  are  listed 
in  Table  2  for  several  models.  From  Tab.  2  we  show  that  the  range  of  mean  square 
errors  are  from  3.9  to  7.7dB  for  our  model.  The  minimum  of  mean  square  error  is  3.98 
dB  for  our  model,  next  one  is  4.36  dB  for  the  modified  linear  model,  next  are  exponen¬ 
tial  model  (CCIR),  Hodge  model  and  Boithias  model.  In  our  model,  the  precision  of 
prediction  is  higher  than  order  moder.  The  applicational  range  of  frequency  is  from  10 
GHz  to  80  GHz. 


Table  2.  Precision  of  arin  attenuation  for  several  models 


No!  models 

(  formula 

(fre.  range (mean 

squire  error 

1 

'.Linear  model  1A1=A2* (f 2-6 )/(f  1-6) 

!  10-25GHZ  ( 

5.65 

2 

(Exponential 

(Al=A2*g(f2)/g(fl) 

!  7-50GHZ  ( 

6.52 

(model 

!  1.72  -7  3.34 

(  ( 

i 

1 

(g(f)=f  /{1+3-10  f  ) 

t  « 

1  « 
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3 

Hodge  model 

b2/bl  0.5{l-b2/bl) 1 

A2*(Al/al)  a2*ut  ! 

b2/bl  1/2  1 

*(bl  /b2)  t 

6.53 

4 

Boithias 

model 

1“H  * 

A2-Al*(g(f2)/g(fl))  I 

2-4  2  * 

g{£)=£  /(l+lO  f  )  ! 

-3  1/2  i 

H=l, 12*10  ((g(£2)/g{£l))  *  1 

0.55  ! 

*{Al*g(fl})  ! 

7.64 

5 

Modifj  ed 
model 

(1.1+1/ {f2-£l))  1  10-80GH2 

A2=Al(£2-6)  /(£1-6)1 

6.36 

6 

Our  model 

H  !  10-80GHZ 

A2=Al*(f2/£l)  1 

H=2. 2154+0. 0039fl-0.0129£2-  ! 

-0.0191Al-0.0044Ro.ol  1 

3.98 

References 

(1) .  Boithias  u.  [1989],  Frequency  scaling  for  rain  attenuation  ,  Ann,  des  Teleconua, 

Vol.  44,  5-6,186-189, 

(2) .  CCIR  Report  721-2[1989],  Attenuation  by  hydrometeors,  in  particular  precitation, 

and  other  atmospheric  particles, 

(3) .  Hodge  D,B.  [1977]  ,  Frequency  Scaling  of  Rain  Attenuation  ,  IEEE  Trans.  Antenna 

and  propagation,  vol.  AP-25,  3,  446-447. 

(4) .  Furuhawa  Y,  and  T.Ihara  ,  [1981],  Remote  sensing  of  Path-averaged  raindrop  size 

distribution  from  microwave  scattering  measurement  ,  IEEE  Trans.  Antenna  and  pro¬ 
pagation,  Vol,  AP-29,  2  ,275-281, 

',5)  .  Hu  Dazhang  and  Huang  Jie  [1988]  ,  Inversion  of  path  raindrop  size  distribution, 
Chinese  Journal  of  Radio  Science,  Vol.  3,  1,  1-9. 

^5i .  Hu  Dazhang  ,  Zhang  Zhenwai  and  Huang  Jie  [1991],  Measurement  of  rain  attenuation 
at  frequencies  10-80  GKz  in  Qingdao.  4th  Chinese  Conference  on  Radiowave  Propaga¬ 
tion  (Wuhan),  p227. 

'  .  Hu  Dazhang,  Don  Qingshen  and  Su  Jinmin  [1988],  Measurement  of  rain  attenuation  a: 
frequencies  10-40  GHz  in  middle  region  of  China  ,  1988  International  symposium  on 
Radio  propagation  [ISRP'88,  Beijing]  ,  243-246. 

;S) .  CCIR  Document  5/378  [1988],  Data  Banks  used  for  testing  prediction  method  in  sec¬ 
tions  E,  F,  and  G  of  volume  V. 

(9)  .  CCIR  Report  563-2  [1982]  ,  Radio  meteorological  Data. 

(10) .  CCIR  Report  338-5  [1989],  Propagation  Data  and  Prediction  methods  required  for 

Line-o£-sight  radio-relay  system. 

;il)  Huang  Jie  [1990],  A  modified  Linear  model  for  frequency  scaling  ,  no  publish. 


•  m* 


T7.3 


SSFmmOAL  IKWIlQKlim  OH  A' 
ABSORPTION  AT  IflLLDIETER  WAVEBAND 


lie  GAS  ft  CljODD 


Ja  Ri  Jin,  Wang  Feng  Xia,  Zbao  Ti  Gnang 

(China  Reseaeli  Institvte  of  Radio  Wa^e  Propergation) 


EQDIPIffiNr  AND  PRINCIPLE 

A  doal-freqaeney  radio  telescope  need  here  can  work  at  the  freqaency 
of  9.375  (3S.Z  or  at  22.23  diz.  Its  antenna  ases  a  five-horn  Cassegrain 
feed  system  ,  and  has  two  mataally  perpendicnlar  difference  patterns 
and  a  samnation  pattern.  The  antenna  is  fixed  on  the  sapport  which  is 
saited  to  the  eqaatorial  coordinates,  and  each  of  its  difference 
pattern  is  at  an  angle  of  46*  to  the  celestial  declination.  The 
oatpnt  porta  are  respectively  connected  with  three  Dicke  receivers 
(two  for  difference  and  one  for  sam). 

'Difference- lobe-maximam  method* is  introdaced  in  this  paper.  Based  on 
the  flat-earth  approximation,  the  san  radiating  tempertare  observed 
by  the  radio  telescope  is  given  by 

T=  (2TsQ  /  O  a)  exp  (-  t  ^sec  6 )  (1) 

The  oatpnt  voltage  of  the  receiver  is 

V(  e)  =  (2T»QG/QA)exp(- T  .sec  9)  (2) 

where  T  is  the  brightness  temperatnre  of  the  san,  Os  is  solid  angle 
of  the  san,  Oa  is  solid  angle  stretched  by  the  antenna,  G  is  the  gain 
of  the  receiver,  9  is  zenith  angle,  v  .is  total  zenith  absorption 
Taking  the  logarithm  of  (2)  yields 

lnV(e)=  In  (2TsQG/Qa)- 1  .sec  8  (3) 

thas^  measnring  8  and  V(8)^  one  can  evalnate  v  .  .  Meteorological 
parameters  shonld  be  obtained  (with  the  radiosonde)  while  measnring  in 
order  to  compare  the  experimental  valnes  with  theoretic  ones. 

MEASOREMENT  RESULT 

1.  Relation  between  absorption  and  zenith  angle 


•  173  • 


The  data  ia  table  L  measttred  in  Tarioss  ireatber  condition  dvr  log  tbe 
spring  and  soianer  in  199<I»  illnstrate  tbe  rariation  of  radiation 
strength  of  tbe  son  with  zenith  angle.  Diriding  them  into  three 
segnents  b;  zenith  angle,  and  evalvating  the  zenith  absorption  at  each 
segment,  we  obtain  table  2 

Table  1  radiation  strength  of  tbe  svn  rersos  zenith  angle,  in  mV  enits 


sthength 

8  “ 

fine 

orereast 

cloudy 

Vc 

Vs 

AV 

Vc 

Vs 

AV 

Vc 

Vs 

AV 

87  ! 

1 

62.  0 

26.  6 

26.  4 

61.  0  1 

20.  7 

30.  8 

62.  8 

23.  2 

29.  6 

86 

63.  0 

43.  8 

19.  2 

68.  6 

36.  9 

27.  7 

62.  4 

40.  3 

22.  1 

83 

66.  0 

64.  3 

11.  7 

62.  1 

47.  3 

14.  8 

66.  2 

61.  0 

14.  2 

80 

69.  6 

63.  9 

6.  7 

66.  4 

67.0 

8.4 

68.  1 

60.  8 

7.  8 

76 

73.  0 

71.  0 

68.  3 

64.  6 

1  3.  8 

71.  1 

68.  3 

2.8 

70 

77.  0 

77.  0 

wm 

70.  7 

0.  0 

74.  2 

74.  2 

66 

79.  8 

79.  9 

DD 

73.  6 

1  73.  8 

76.  2 

76.  1 

0.  1 

66 

82.  6 

83.  0 

-0.  4 

77.  3 

77.  3 

nil 

80.  0 

80.  1 

-0.  1 

Table  2  ^oldB)  measured  at  different  zenith  angles 


9  “ 

weather 

f  ine 

orereast 

1 

cloudy 

e  >  80 

BSS 

0.  074 

Kl 

0.  078 

80  >  8  >72 

(dB) 

0.  080 

0.  076 

T  o.  (dB) 

0.  081 

0.  078 

72  >  8  >66 

T  (dB) 

0.  076 

1 

0.  081 

■fHI 

T  o.  (dB) 

0.  076 

0.  081 

■hh 

2.  Relation  between  absorption  and  absolute  humidity 

It  is  assumed  that  linear  correlation  exists  between  zenith  atmospheric 
gas  and  cloud  absorption  and  the  density  of  surface  water  rapor,  or 
To  =  a+bP.  lilake  regressions  in  rarious  weather  conditions,  the 
results  are  shown  in  table  3. 

3.  Relation  between  zenith  absorption  and  frequency 

Arerage  raise  of  zenith  gas  and  clood  absorption  measured 
contemporaneously  at  9.376  GHz  and  22.23  QIz  in  tbe  summer  in  1990  is 
shown  in  table  4. 
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Table  3  Relation  between  enrface  water  vapor  density  P  and  Xo 


weather 

parameter 

f  ine  (n=66) 

overcast  (n»62) 

cloudy  (n»37) 

waveband 

a  b 

r 

n 

b  r 

a  b  r 

3.  2  cm 

.064  .0012  . 

883 

.  0016  .  896 

,  064  .  0012  ,  797 

1.  25cm 

.096  .066  . 

841 

■Bl 

.078  .911 

.  107  .  066  .  776 

Table  4  Average  value  of  zenith  gas  and  cloud  absorption  in  the  susmer 


T„  (dB)  I 
f  (GHz)  I 

«, 

i 

fine 

i 

1 

1 

T  overcast 

X  o  ,  cloudy 

9.  376 

mumi 

0.  083 

0.  077 

22.  23 

1  1- 

176 

1.  678 

1.428 

s.  ave/  X  aa,  aa 

0.  023 

0.  064 

ANALYSIS 

1.  Mathematical  model  of  the  absorption's  variation  with  zenith 
angle  at  low  elevation  angles 

With  the  table  1  and  table  2.  the  atmospheric  absorption  at  high 
elevation  angles  (low  zenith  angles  in  other  words)  can  he  evaluated 
by 

X  =  X  osee  0  (6) 

Unfortunately  it  will  result  in  a  considerable  error  using  (5)  at  low 
elevation  angles,  since  that  the  flat-earth  approximation  will  be  not 
valid  at  that  time. 

Atmospheric  absorption  shond  be  a  function  of  D(0),  distance  through 
the  absorbing  atmosphere,  in  fact,  it  is  assumed  that  the  absorption 
is  proportional  to  D(0),  thus 


X  =  bo+biD(  0)  (6) 

where 

D(0)=  [(a.+hj  =*-ai8in  e]^^“-a.cos  0  (7) 

a«  =K  •  a  (8) 

K  =  1/  (1+a  •  AN  sin  0)  (9) 

-  AN  *  7.  326XP  (-0.  006577N.)  (10) 

N-  =  (77.  6/T)  (P+4810  •  e/T)  (11) 


where  N.  is  surface  refraction  index  ,  T  is  atmospheric  tonperatare,  F 
is  atmospheric  pressure,  e  is  atmospheric  absolute  hnmidity,  h*  is 
effective  height  of  the  absorbing  atmosphere. 

Relation  between  h.  and  P  is  given  by 

h.»  6.  97-0. 06  P  (for  9.  376  CSIz)  (12) 

h.=  6.  28-0.  703  P  (for  22.  23  OH*)  (18) 

2.  Relation  between  zenith  absorption  and  surface  absolnte  humidity 
The  plots  of  the  ezperemental  determined  zenith  absorptions  versns 
the  surface  water  vapor  density  P  are  show  in  Fig.  1  and  Pig.  2) 


Fig.  1  1  oversus  P  Fig.  2  t  oversus  P 

(f=22.  23C21z)  (f“9.  376(212) 

From  Fig.  1  and  Fig.  2,  we  can  conclude  that  x ois  indeed  proportional 
to  Pwhen  P<  24g/m*.  However,  the  measured  values  are  less  than 
calculated  ones  when  P>24g/m®.  The  regressive  results  are  shown  in 
table  3,  from  which  the  following  linear  equations  can  be  produced. 


for  f=9.  376  Qiz 

X  ogas  =0.  054+0.  0012  P  (14) 

X  „  cloud  =0.  067+0.  0016  P  (16) 

for  f=22.  23  GHz 

X  ogas  »0.  096+0.  066  P  (16) 

X  „c  i  oud  =0.  0 1 1 +0.  078  P  (17) 


3.  Relation  between  the  absorption  and  frequency 

It  is  assumed  that  the  gas  absorption  and  cloud  absorption  is 
proportional  to  frequency  at  the  wavebands  of  9.376  (21z  and  22.23  (2iz. 
According  to  table  4,  the  equations  expressing  the  relation  between 
absorption  and  frequency  will  be  simulated  as  following 

Xogas  =  lO.  064-0.  00326  (f»  -  fa)3 

+  [0.  0012-0.  00419  (fi-  fa  )  J  P 


(18) 


tocioiid=  10.  067-0.  00412  (fx  -  fa)l 
+  10.  0016-0.  0069  (fi  -fa)]  P 


(19) 


where  fl»9.  376(H2,  10(3fl2<f2< 22.  23(212. 

The  following  equations  express  the  general  relation  of  atmospheric 
gas  absorption  and  elond  absorption  with  zenith  angle,  snrface 
absointe  humidity  and  frequency 

t  *«.=  r(0.  063+0.  00132  P)  (fi  -fa)*  10(6)  (20) 

T  -io«a={[0.  067-0.  00412  •  (fx  -fa)) 

+  [0.0016-0.  0069  (fx-f a) 3  P}D(6)  (21) 

D(6)  equates  to  sec  6  for6<70‘‘  ,  and  is  determined  by  (7)for6>70‘*  , 

GONCnUSSION 

The  following  conelnssions  can  be  obvioasly  drawed  from  all  of  the 
above: 

1.  The  flat-earth  approximation  is  only  used  for  elevation  angles  above 
16“  .Otherwise  the  effect  of  curved  earth  must  be  considered. 

2.  Equation  (1)  through  (3)  are  not  valid  when  considerably  large  water 
drips  are  consisted  of  in  the  cloud. 

3.  Though  it  is  reluctant  that  deriving  the  relationship  between 
absorption  and  frequency  from  the  data  of  these  two  wavebands,  the 
expert  .mental  values  t  ^  using  equation  (18)  and  (  19)  are  in  good 
agreement  with  the  theoretical  ones  at  the  waveband  of  12  and  22.23  Odz. 
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FLUCTUATIONS  OF  MMW  PROPAGATING  IN  LAYERED  INHOMOGENEOUS 

TURBULENT  THICKNESS 

G.A.  Andreyev,  and  S-A-  Ogarev 

Institute  of  Radioengineering  &  Electr.,  Russian  Academy  of  Sciences 
18  Marx  Avenue,  GSP-3,  Moscow  103907,  Russia 


Fluctuations  of  millimeter  waves  (MMW)  on  atmospheric  radiochannel 
output  cause  the  coherence  losses  of  a  signal.  decrease  the 
trustworthiness  of  transmitting  data,  and  resolving  power  of  angular 
detective  systems.  To  solve  the  statistical  problems  of  data  receiving 
in  satellite  and  terrestrial  radiocommunication  systems, 
radiocontrolling,  and  in  remote  sensing  of  atmosphere,  terrestrial 
covers  and  other  objects,  it's  necessary  to  compute  structural  and 
correlation  functions  of  wave's  level  and  phase.  The  adoption  of 
voluminous  quantity  of  publications  concerning  propagation  of  optical 
and  infrared  waves  in  turbulent  atmosphere  is  not  ever  possible  due  to 
pecularities  of  MM  wave  band:  the  greater  wavelengths  in  comparison 
with  optical  wavelengths  led  to  the  mostly  manifesting  of  wave 
properties  of  MM  beam  wave  -  divergence  while  propagating.  The 
interdependence  between  spatial  p  and  temporal  r  arguments  jf 
correlation  functions  must  differ  from  the  usually  implied  as  p  *  Vj_t 

for  a  plane  wave.  The  exceeding  of  the  first  Fresnel  radius  ■/ \L  over 
the  outer  turbulent  scale  L  causes  the  usage  of  biparametrlcal 

spectral  density  G  (w.)  of  air  index  of  refraction  pulsations  [11. 

n 

The  aim  of  the  paper  was:  -  to  derive  the  parametrical  dependences 
of  spatial-temporal  correlation  and  structural  functions  of 
fluctuations  of  amplitude  level,  phase  and  phase  difference  (angle  of 
arrival  or  direction  of  propagation)  of  Gaussian  MMW  beam  on 
atmospheric  radiochannel  output  (as  a  layered  inhomogeneous  atmosphere 
thickness);  -  to  approximate  the  correlation  functions,  spectra,  and 
mean-square  dependences  of  fluctuations  of  amplitude  level,  phase  and 
phase  difference  (angle  of  arrival)  of  MM  beam  -  on  the  parameters: 

propagation  path  geometry,  position  of  receiving  points,  intensity  of 

turbulent  pulsations  of  index  of  refraction. 

The  real  atmosphere  represents  a  complicated  layered  structure, 

which  Is  mostly  manifest  itself  at  low  elevation  angles  of  slanted 

satel 1 i te-Earth  paths.  It  was  supposed  that  structural  characteristic 
C  smoothly  changes  in  a  layer  Az  .  For  the  height  dependence  C^(z) 

n 

the  experimental  profiles  [21  were  used,  approximated  by  the  following 
dependence ; 

C^(2)  =  (z/z  )  ^'^  expl-z/z  ]  ,  (1) 

n  no  O  n 
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z 

where  C  -  the  terrestrial  value  of  atructural  characteristic,  2  and 

o 

2  "  the  numerical  coefficients,  derived  at  the  approximation  of  the 

A 

experimental  profiles.  While  entering  into  the  Earth's  atmosphere  a 
radiowave,  which  source  is  a  satellite,  may  be  taken  into  account  as  a 
plane  wave-  Then  the  formula  of  mean-square  of  level  fluctuations  >  * 

ln{A/A  ]  becomes  as  follows: 

5/<S  -2,  3  6  11/ <S  -2-  i 

c"  =  0.306  rTL^  ■  -(sini?)  k  -2  •(:  /z  ) 

>■  *  no  n  n  O 

L 

•  qD 

-3/'3  -2/3  Sin&  f  2 

s  -e  ll-  cos [(--  Idx^dT  ,  (2) 

00 


where  L  -  L/2  ,  and  f  =  //2  -  dimensionless  variable  along  the 

*  r.  n 

integration  path.  In  the  supposition  of  "frozen"  homogeneous  turbulence 
(  =  const  ),  and  the  Kolmogorov  spectral  density  cf  media  refractive 

index  pulsations,  the  evaluation  of  the  effective  turbulent  thickness 
follows  from  the  comparison  of  (2)  witi;  the  well-known  expression 

of  level  fluctuations  =  0.307  C*"  k"^  of  a  plane  wave; 

,V  n  T 

2  “  ^ 

-  =  C  (0,L^,I.  )  {2  /L)  (2  /z  )  =  1  r  13) 

„  i:  *  O  n  -.0 


12  1  i  4  11  T.  11 

L  =  (C  ('?,L.,L  )  )  ■  2  ■  2  ,  (4) 

T  ^  *  O  O 

where  the  numerical  parameter  ,L  .  Iwhjch  it-  define:’  bv  the 

value  of  integral  in  expression  12)  and  cependent  upon  the  shape  of 
phase  front,  atmospheric  turbulence  and  d i f f ract 1 ona 1  divergence  of  a 
beam)  is  shown  in  Fig.l  in  3-d imens i ona 1  way.  The  estimation  of  the 
effective  turbulent  thickness  L  was  made  as  a  result  of  numerical 

T 

integration  of  expression  of  mean-square  log-amplitude  fluctuations 

i 

of  MMW ,  taking  into  account  the  height  dependence  C^(2).  the 

3 

biparametrical  turbulent  spectrum,  parameters  2  =  3.  15- 10  (m)  and  z  = 

3  o  A 

2.27-  10  (ml,  and  propagation  path  elevation  angle  =  30'.  The  value 
of  equivalent  turbulent  thickness  L  appeared  to  be  5:  2.56  km.  With 

T 

due  regard  for  beam  parame  ars  the  expressions  (2-4)  become  more 
complicated  by  analogy  with  [2,31. 

The  temporal,  spatial,  and  mutual  (time-spatial)  structure 
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functions  of  log-amplitude  fluctuations  of  a  MM  beam  wave  are  plotted 
in  rig. 2,  normalized  by  doubled  dispersion  2c^  of  a  plane  wave 

fluctuations.  The  computations  were  set  forth  by  numerical  technique  on 
a  mini-super  computer  MicroVAX  (VAX-11/780',  and  a  personal  computer 
IBM  PC-AT/286  with  usage  of  progrcuns  of  adaptive  two-dimensional 
integration  taking  into  account  biparametr ical  turbulent  spectrum, 
height  dependence  C  =  C  (z)  of  cloudless  atmosphere.  Computations 

r,  r, 

were  made  with  the  foHowing  paiameters;  L  =  50^0  m,  -.  =  8.3  mm, 

waveparameter  P  =  L/kc  -h:  168,  L  =  10  ra,  /  10  m.  As  it  follows  from 

o  o  o 

the  computing,  in  MMW-band  there  is  the  interdependence  ~  C  V  ^ 

e  c  ~  e 

where  v,  -  cross  drift  velocity  of  atmospheric  permittivity 


inhomcgenei  t  ies )  between  spatial  and  temporal 

e  e 

intervals  of  level  and  phase  fluctuations,  that  differs 

implied  (see  {*)).  The  coefficient  of  proportionality  C 


co’^relat  ion 

from  usual  ly 
depends  upon 


the  value  of  waveparameter  P  and  equals  2. 

Fig- 3  shows  the  parametrical  family  of  temporal  structural 
functions  of  MMW-beam  phase,  which  proves  the  necessity  of  regard  for 
outar  turbulent  scale  in  descr.ction  of  the  second  statis'icai  moments 
tf  MM  beam-wave  fluctuations  (curves  (1)  and  (3);. 

As  follows  from  computations,  the  characteristics  of  MM  beam  wave 
i 1  inj-of-s  ight  paths  with  usage  of  transmitting  antennae  of  apertures 
accut  1  meter,  correspond  more  to  propagation  characteristics  of  a 
spnerical  than  a  plane  wave.  I.t  case  of  usage  of  antenna  with  aperture 
3^  (0.5... 1)  m,  forming  a  beam,  the  interval  of  waveparameters  for 

'J 

,  4 

path  aistances  L  b;  10  m  corresponds  more  closely  to  the  area  of 

spnerical  wave  (  P  x  1.  By  the  values  of  outer  scale  L  J:  10  m, 

o 

there  is  the  strong  dependence  of  asymptotical  values  of  structural 
functions  upon  ? 

There  were  calculated  the  normalized  energy  (frequency'  spectra 
3  i.  of  level  and  phase  using  the  Fourier  transform  from 

IJ  * 


■oximated  ACF,  as  a  function  of  normalized  argument 
'  '  L 


where 


1  eve  1 


1 

v 


/I 


/ 


and  for  phase 


1 


The  spectra  that 


wer 
wi  ti 

the 
and 
the  • 

7 


3  computed  with  the  approximat'd  formulas,  are  in  good  coincidence 
:  ones  derived  from  theoretical  ACF  with  the  usage  of  FFT  technique 
As  it  follows  from  the  results  of  computation,  taking  into  account 
rurbuiency  of  cloudless  atmosphere,  the  fluctuation  log-amplitude 
phase  spectra  are  low-frequency.  The  level  spectrum  max  lies  within 
values  A  3 . . . 4 ;  and  phase  -  is  near  A  4.  For  instance,  if 


o 

2  mps , 
..5.4  Hz, 


so  A  =  0 
and  phase 


o  * 

..1.4  Hz.  The  amplitude  spectra  width  is  AA 

4' 

•2.'':  b;  1 .  4  Hz . 
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SCANNIHG  EADIOMETEH  AND  ATMOSPHERIC  ATTENUATION 
AT  3  MM  WAVE  BAND 
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ABSTRACT 

A  scanning  radiometer  at  3  no  wave  band  is  developed.  A  90°  offset 
parabolic  reflector  antenna  system  is  mounted  on  an  elevation-over- 
azimuth  motinting  to  steer  the  antenna  beam.  The  receiver  is  a  total 
power  type  radiometer.  This  scanning  radiometer  is  composed  of  etll 
Chinese  production.  The  solid  state  diode  noise  source  as  second  cali¬ 
bration  sotirce  is  primarily  calibrated  by  the  cold  and  hot  microwave 
absorbers  at  the  feed  horn  aperature.  The  primary  result  of  the  atmos¬ 
pheric  zenith  total  attenuation  at  3  om  wave  band  is  reported. 

INTRODUCTION 

In  the  early  eighties  a  3  mm  wave  band  radiometer  with  an  1.2  m  equa¬ 
torial  mounting  Cassegrain  antenna  was  developed  as  a  small  radiotele¬ 
scope  in  China.  But  in  its  receiver  some  devices,  such  as  the  mixer, 
ferrite  isolator  and  switcher  were  imported.  In  the  early  ninties,  a 
scanning  radiometer  at  3  mm  wave  band  is  developed  with  all  Chinese 
production  for  remote  sensing  application. 

ANTENNA  SYSTEM 

A  90°  offset  parabolic  reflector  and  a  conical  corrugated  feed  horn 
compose  a  scanning  antenna  systemS.  its  sidelobes  are  lower  than  -25 
dB,  its  beam  efficiencies  are  higher  than  94%  and  its  standing  wave 
ratios  aire  less  than  1.22  at  90-100  GHz  band.  The  receiver  cabin  which 
is  rigidly  connected  with  the  feed  horn  and  the  reflector  are  set  on 
an  elevation-  over- azimuth  mounting.  Because  the  offset  angle  is  90  , 
the  elevation  axis  conincides  with  the  axis  of  the  feed  horn.  When  the 
beam  is  steered  in  elevation,  the  feed  horn  and  the  receiver  cabin 
have  not  to  rotate  along  with.  So  this  scanning  antenna  system  has 
very  good  mechanical  stability.  The  space  for  steering  the  beam  eleva¬ 
tion,  just  the  rotating  space  of  the  90°  offset  reflector  itself,  is 
more  compact  and  the  rotated  load,  is  more  light  than  non-90°  offset 
reflector  antenna  system.  These  distinguished  performance  are  very  im¬ 
portant  in  some  cases,  such  as  airborne  and  space-borne. 

RECEIVER  SYSTIM 

In  the  later  half  eighties  a  series  of  3  mm  wave  band  devices,  such  as 
GaAs  Schottky  diode  mixer,  Gunn  oscillator,  solid  state  diode  noise 
source,  ferrite  isolator , circulator  and  switcher  have  been  developed 
in  China.  As  a  first  step  a  total  power  type  radiometer  receiver  sys¬ 
tem  has  been  developed  with  all  Chinese  production.  A  GaAs  Schottky 
diode  mixer,  an  adjustable  local  Gunn  oscillator  and  an  IP  PEP  ampli¬ 
fier  with  700  MHz  bandwidth  compose  the  front  end  of  this  receiver. 

The  system  noise  figure  is  lower  than  10  dB. 

RECORD  AND  CALIBRATION 

-182. 


The  radiometer  output  data  are  recorded  on  a  strip  chart  recorder.  A 
solid  state  diode  noise  source  is  used  as  second  calibration  source, 
which  noise  is  coupled  into  the  mixer  by  a  directional  coupler  in  LO 
waveguide  branch.  The  noise  temperature  of  this  source  is  primarily 
calibrated  at  the  feed  horn  aperture  using  the  cold  (liquid  Nitrogen) 
and  hot  (environment)  microwave  absorbers.  Then  this  calbrated  noise 
source  is  as  second  calibration  source  to  calibrate  the  antenna  tem¬ 
perature  of  the  observed  object. 

PRIMASY  OBSERVATION  OP  ATMOSPHERIC  ATTENUATION 

Atmospheric  remote  sensing  is  one  of  the  application  of  this  scanning 
radiometer.  The  primary  observation  was  carried  on  the  flat  roof  of 
the  Institute  of  Electron  Physics  in  the  night  of  Oct.  14,  1991.  It 
was  8  clear  night  and  the  sky  was  free  from  cloud.  After  the  calibra¬ 
tion  by  the  cold  and  hot  microwave  absorbers,  the  antenna  beam  was 
steered  from  the  zenith  to  the  horizon  by  each  10°  step  in  elevation 
and  the  atmospheric  brightness  temperature  was  measured.  The  zenith 
atmospheric  total  attenuation  p(dB)  is  calculated  by  the  following 
formula^: 

p(dB)  =  4.54^  Ln(~-j: 

■‘’m  ~  “z 

in  which  T,  is  the  cosmic  background  brightness  temperature  i.e.  2.7 
2*-,  is  the  atmospheric  mean  radiating  temperature.  We  calculated  the  T 
using  Liebe’s  atmospheric  absorption  model4  and  the  radiosonde  data  “ 
of  the  Shanghai  Meteorological  Observatory.  The  results  show  an  usable 
relation 


\(K)  =  Tg  -  12, 

when  the  surface  temperature  is  near  280  K.  The  measured  zenith  bright¬ 
ness  temperature  T  was  66.4  K  and  the  zenith  atmospheric  total  atten- 
uationwas  1.13  dB  It  that  night. 
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INVESTIGATION  OF  RAIN-INDUCED  XPD  BY  USING 
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ABSTRACT 

It  is  proved  that  the  rain-induced  differential  attenuation  (AA)  is 
the  dominating  cause  of  rain-induced  XPD  at  30-100  GHz. The  approximate 
relations  of  XPD  to  the  differential  attenuation  are  presented.  The  XPD 
values  calculated  by  measured  £k  are  compared  to  the  values  predicted 
by  theoretical  models, a  high  agreement  is  obtained. 

1 . INTRODUCTION 

In  order  to  make  the  frequency  reuse  system  operate  reliably, an 
adequate  cross-polarization  isolation  between  the  orthogonally 
polarized  channels  must  be  maintained.  So  it  is  very  important  to 
research  the  rain-induced  XPD  and  a  lot  of  work  in  this  respect  has 
been  done  by  many  scholars  .*'*‘**‘*’ 

Based  on  rain-induced  XPD  theory,  the  relationship  of  XPD  to  the 
differential  attenuation ( AA)  and  differential  phase  shiftCAf  )  are 
derived.  The  influence  of  to  XPD  value  are  examined , which 

demonstrate  that  ignoring  the  influence  of  Af  in  investigation  of  rain- 
induced  XPD  at  30-100  GHz  is  reasonable, thus, XPD  can  be  determined  by 
diferential  attenuation  and  mean  canting-angle  of  rain  drops. 
Especiallly  for  circular  polarization, XPD  can  just  be  determined  by  AA. 

2. RAIN-INDUCED  XPD  OF  HORIZONTAL  AND  VERTICAL  POLARIZATION  NAVE 

Consider  a  linearly  polarized  plane  wave  incident  in  direction  Z  on  a 
slab  region  of  rain  media  as  shown  in  Fig.l.a  differential  equation 
governing  the  variation  of  electric  field  Eh  and  Ev  along  propagation 
direction  Z  is  written  as  *^'3 

dE/dz»ME  (1) 

the  solution  of  (1)  is 

?r*TBo  (2) 

Where  E  is  a  column  vector  -- 

with  elements  Eh  and  Ev  , 
the  elements  of  T  are  given  by®J 

Tll»cos‘^  exp{  A.L)  {1+Gtg*4  ) 

T12»T21»cos*^  exp  (  A»L )  ( 1-G )  tg^  ( 3 ) 

T22»cos^f  exp  ( A..L)  (G+tg*^  ) 

and  where  Fig.l  Geometry  for  Transmission 

through  a  Rain  Media 

G-exp  (  Ai-  )  L  ( 4 } 

Here  A,  and  are  eigenvalues  of  the  matrix  (Ml  and  f  represents 


•  m 


where  j  (K1'K2) L»jn(Kx-Ky) L=«inco5^( 

Substituting  (17)  and  (19)  in  (18),  we  get 


(18) 

(19) 


XPD»-201g{  f  tc^ (20) 

For  circular  polarization,  8*-i»45*  .the  rain-induced  XPD  is 

XBDci201g|  0*  A<-  (21) 

For  horizontal  and  vertical  polarization, based  on  tg*A  <<1. 

(20)  reduce  to 

XPDh— lOlg  l(l-/«^  J*  sin*-^  J*  tg*8, 

XPDv»  A+XPDh  (22) 

Because  tg2Po*2tg  4,  /  (l-tg*8o )  =2tgP,  (23) 

(23)  and  (10)  are  identical 


4.  THE  CALCULATION  OF  RAIN- INDUCED  XPD  AT  30-100GHz 

XPD  are  determined  by  a  A  and  .Reference  (4]  point  out  presumably 
that  AA  is  dominating  cause  of  rain-induced  XPD  above  30  GHz.  In  order 
to  examine  the  influence  of  to  XPD,  ignoring  , the  XPD  errors  (hxp^) 
of  horizontal  or  vertical  polarization  is  assumed  as 


iJXPD={XPD;  (aA,  .a^)-XPD;  (aA,Af  )/*^..  1  (24) 

The  rain  attenuations  and  phase  shift  of  horizontal  and  vertical 
polarization  wave  were  calculated  by  Maggriori^^  in  the  1-400  GHz  for 
ellipsoidal  rain  drops,  L-P  rain  drop  size  distribution , water 
temperature  20^C  and  constant  rain  drop  canting-angle.  Using 
Maggriori’s  results  and  based  on  (17),  the  eq(24)  is  calculated  for  1.0 
Km  path  length  of  uniform  rain.  The  calculatediXPD  is  shown  in  Fig  2 
(The  calculations  show  that  the  values  of  <r  and  path  length  L  have 
negligible  influence  to  hXPD) . 

In  most  interesting  rainfall  range  12.5-50  mm/h,  just  as  shown  in 
Fig  2,  dXPD  is  withir.  3  dB  in  3G-1C0  GHz  ignoring  differential  phase 
shift,  so  it  is  reasonable  to  ignore  rain-induced  differential  phase 
shift  in  investigation  of  rain-induced  XPD  at  30-100  GHz.  In  this  case 
,eq{10),(20)  and  (30)  are  proximately 


XPDh=-201gI(l-  /«>*•)  tg2P./2| 
XPDv*  A+XPDh 


XPD»-201gj  v'  ^ 

XPDc=201g{(l+/e^  )/(l-/^^  )[ 


where  iiA  in  dB. 


Fig  2  the  AXPD  induced  by 
ignoring  ^ 

5. COMP ARI SIGNS  OF  XPD  VALUES  CALCULATED  BY  MEASURED  DIFFERENTIAL 
ATTENUATION  DATA  AND  PREDICTED  BY  THEORETICAL  MODELS 
The  measured  differential  attenuation  data  given  by  reference  [6]  at 
30.9GHz  is  shown  in  Fig  3  where  the  sum  attenuation  is  the  attenuation 
of  sun  signal  of  horizontal  and  vertical, the  points  shown  as  crosses 
are  averaged  differential  attenuation. 
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an  effective  canting-angle. 

For  the  Gaussian  canting-angle  distribution  of  rain  drops, there  is *■' 

ArA»«-j  {Kx-Ky)exp(-20*)  cost  =»- j  (Kx-Ky)incost  (5) 

where  (Tis  the  effective  standard  deviation  of  the  canting-angle 
distribution,  Kx  and  Ky  are  the  propagation  constants  along  the 
principle  planes  of  the  constant  canting-angle  model,  £  is  the  path 
elevation  angle,  for  Gaussian  canting-angle  distribution  of  rain  drops 
with  mean  0.  ,the  effective  canting-angle  • 

Make  #  ,we  can  get  from  (3) 


T12=T21=(Tll-T12)tg2»«/2  (6) 

Assume  that  rain  attenuation  of  horizontal  and  vertical  polarization 
are  Ah  and  Av  respectively,  then 

Tll=  exp(-j  )  (7) 

T22=  io’®*  exp{-j  )  <8) 

where  and  are  phase  shift  of  horizontal  and  vertical  polarization 
through  rain  media.  Rain-induced  XPD  of  horizontal  and  vertical 
polarization  can  be  obtained 


XPDh=201g 1T11/T12I =-201g ( {1-T22/T11) tg2^, /2j 

XPDv=201g|T22/T21/  =-201g  I  {1-T11/T22) tg2 0, /2l  (9) 

Substituting  (8)  in  (9)  ,we  can  get 

XPDh=-101g  |[  (1-  sin*^  ]tg*'20.  /4| 

XPDv=  A+XPDh  (10) 

Where  the  differential  attenuation  ^A»Ah-Av 
the  differential  phase  shift 


3.  RAIN- INDUCED  XPD  OF  AN  ARBITRARY  POLARIZATION  WAVE 
(3)  and  (8)  reduce  to 

44 

/tfi;exp(j«^)=T22/Tll=(G+tg*0>.  )/(l+Gtg*P,  )  (11) 

where 

G=exp(A».-Ai  )  L=exp  C  (^*+j«?)mcos£]  (12) 


A«(=-Im(Kx-Ky)L 
Afl=*Re  (Kx-Ky)  L 

Thus 

*9 )  m  Ov*£  ]  4 

T22/T11=  - 

Because  and  are  small  argwnents  ,  G*!,  in  general  mean 
is  only  a  value  of  several  degree  i.e 


tg*0,<<l 

(15) 

S 

/p**exp{  )Brr22/TllAexp[  {^+ja^)mcos  J 

(16) 

thus 


(13) 

(14) 


AA»20mcos^i  ad  tge 

^f=A^mcos  (17) 

For  a  linearly  polarization  wave  with  polarization  tilt  angle  f(  x*0 
for  horizontal  polarization,  for  vertical  polarization)  , the  XPD  is^*^ 
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Fig  3  Measured  differential  atte-  Fig  4  the  XPD  values  calculated 
nuation  to  sun  attenuation (A)  by  measured  A A  and  predi¬ 

cted  by  theoretical  models 

Using  the  measured  averaged  n A. based  on  eg (28)  ,the  calculated  XPDc 
values  and  XPDc  values  predicted  by  CCIR  model  and  model  of 
reference [3]  are  shown  in  Fig  4.  As  shown  inFig  4,  the  XPD  values 
calculated  by  measured  differential  attenuation  and  by  theoretical 
models  have  a  good  agreement. 


6.  CONCLUSION 

The  relationship  of  XPD  to  differential  attenuation  is  derived 
approximately  at  30-100  GHz.  If  the  differential  attenuation  was 
measured,  the  XPDc  would  be  determined.  If  differential  attenuation  and 
XPD  for  a  certain  polarization  were  measured, the  mean  canting  angle 
would  be  derived  and  XPD  values  for  any  polarization  would  be 
calculated. so  it  is  convenient  for  investigation  of  rain-induced  XPD. 
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ABSTRACT 

In  this  paper,  we  introduce  the  experioent  of  measuring  MMN 
scintillation  on  a  terrestrial  path  in  Qingdao  from  May  to  October, 
1989.  Under  different  weather  conditions,  the  scintillation  intensities 
and  power  spectra  of  three  frequencies  have  been  calculated  .  The 
calculation  results  have  been  discussed. 

1. INTRODUCTION; 

The  atmosphere  is  turbulent  medium.  When  millimeter  wave  propagate 
in  the  atmosphere,  its  amplitude  and  phase  would  fluctuate  randomly. 
This  is  the  scintillation  phenomenon.  Measuring  and  analysis  the 
scintillation  data  may  give  a  criterion  for  estimating  the  limit 
accuracy  of  the  measuring  system.  On  the  other  hand,  as  the 
scintillation  was  caused  by  the  turbulence  of  atmosphere,  it  may  set  up 
some  relations  between  the  MMW  scintillation  and  the  atmosphere 
turbulence,  and  reverse  the  turbulent  parameters  of  the  atmosphere 
along  the  traveling  path.  In  this  paper, Ne  introduce  the  experiment 
of  measuring  MMW  scintillation  on  a  multiple-frequency  terrestrial  path 
in  Qingdao  from  May  to  October,  1989.  Under  different  weather 
conditions,  the  scintillation  intensities  and  power  spectra  of  three 
frequencies  have  been  calculated.  The  calculation  results  have  been 
discussed. 

2. MEASURING  EQUIPMENTS  AND  DATA  PROCESSING  METHOD 

The  experiment  of  measuring  MMW  scintillation  was  completed  on  a 

terrestrial  path  with  four  frequencies - 12.0,  25.3,  33.5  and 

72.0GHz.  This  system  was  established  for  the  purpose  of  measuring  the 
rain  attenuation.  The  system  characteristics  can  be  seen  in  table  1. 
The  transmitters  are  installed  on  Little-fish  Mountain  and  the 
receivers  are  set  on  the  top  of  Fulong  Mountain.  The  lenth  of  the  path 
is  1.26Km. 


Table  1.  Measuring  system  characteristics 


frequency (GHz) 

12.0 

25.3 

33.5 

72.0 

polarization 

h 

h 

h 

h 

transmitting  power (mW) 

100 

80 

50 

20 

transmitter  antenna  gain{dB) 

11.9 

21.3 

45.0 

49.1 

receiver  antenna  gain(dB) 

40.5 

49.1 

19.1 

49.1 

fine  day  receiving  power (dBm) 

-81.5 

-71.2 

-82.1 

-50.3 

minimum  receiving  power (dBm) 

-126.5 

-125.0 

-116.0 

-107.0 

When  it's  raining  the  scintillation  effect  was  drowned  out  by  rain 
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attenuation,  because  the  MMW  signal  aviation  caused  by  scintillation  is 
much  smaller  than  by  rain,  so  we  did  not  measure  scintillation  in 
raining  day.  From  May  to  October  in  1989,  we  measured  the  scintillation 
46  days,  including  fine  days,  cloudy  days  and  foggy  days.  The 
measurement  began  at  8:30  and  ended  at  9:00  each  day.  The 
meteorological  data  on  the  ground  were  recorded  at  the  same  time. 

The  receiving  signals  were  send  to  a  computer  through  an  A/D 
conversion  interface  and  stored.  The  integrating  time  of  the 
receivers  are  about  10ms.  The  computer  sampling  interval  for  store  and 
record  is  0.1s.  When  processing  the  data,  we  selected  0.2s  as  the 
sampling  interval.  Taking  FPT  method  to  calculated  the  power  spectrum 
of  the  measuring  data.  Using  1024  points  for  each  sample.  The  sample 
length  is  204.8s. 

The  scintillation  intensity  was  described  by  the  logaritlimic  mean 
square  error,  5'j‘j  ,it  is  defined  by 

Cui  *<{lnl-ln<l>)  > 

where  I  is  instantaneous  measuring  data,  <  >  indicated  to  take 

the  mean-value  of  time.  The  unit  of  measuring  data  is  mV. 

3.  CALCULATION  RESULT  AND  DISCUSSION 

As  25.3GH2  equipment  got  into  trouble,  it*s  measuring  result  could 
not  analysis.  So  we  only  calculated  the  measuring  data  of  12,  33.5  and 
72GHz.  Select  typical  results  of  3  days  for  discussion,  they  can 
represent  basically  the  scintillation  of  find  day,  cloudy  day  and  foggy 
day.  Their  meteorological  data  can  be  seen  in  table  2. 


Table  2 .Meteorological  data  on  the  ground 


date  (1989) 

weather 

P(mb) 

T{  c) 

H(%) 

Vw{m/s) 

wind  direction 

July  31,08:31 

fine 

998.0 

26.5 

77 

1.0 

SE 

Sep. 24,  08:30 

cloudy 

1002.5 

23.5 

85 

1.4 

SE 

Aug. 11,  08:30 

foggy 

992.0 

26.5 

95 

3.7 

S 

Figure  1  is  the  scintillation  power  spectrum  measured  in  find  day. 
It  could  be  seen  that  MMW  scintillation  power  spectrum  is  similar  to 
the  spectrum  function  of  the  atmosphere  turbulence.  With  the  assumption 
of  homogeneous  and  isotropic,  Kolmogrov  gave  the  turbulence  spectrum  in 
inertial  area  as 

4i,(K)  =  0.33Ct,  k""^*  2  1/Lo<  K  <  2  J[ /lo 

where  K=2 TL /I  is  the  number  of  waves,  1  is  the  scale  of  turbulence,  L, 
and  lo is  the  outer  and  inner  scale  of 'turbulence  respectively.  C„  is 
the  structure  constant  of  refractivity . 

Assume  that  the  MMW  scintillation  spectra  can  be  approximate  by  a 
function  as  Cf  ,  where  f  is  scintillation  frequency,  C  is  a  constant. 
It  can  be  seen  in  figure  1  that  the  index  n  is  became  small  as  the 
signal  frequency  increase.  That  is,  the  higher  the  signal  frequency  is, 
the  more  important  the  high-frequency  scintillation  portion  would  be. 

The  scintillation  intensity  is  indicated  by  the  logarithmic  mean 
square  error  .  In  figure  1  it  can  be  seen  that  if  the  signal 

frequency  is  higher,  its  scintillation  intensity  is  larger. 

Figure  2  is  the  measuring  results  of  cloudy  day.  It  can  come  to  a 
conclusion  just  as  the  same  as  find  day.  That  is,  if  the  signal 
frequency  is  higher,  the  high-frequency  scintillation  portion  is  more 
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important  and  the  scintillation  intensity  is  larger. 

Compare  figure  1  and  figure  2,  It  could  be  seen  that  the  index  n 
is  almost  the  same  for  a  certain  signal (for  example  12GHz} ,  but  the 
scintillation  intensity  are  different.  The  scintillation  intensity  in 
fine  day  i?;  greater  than  in  cloudy  day.  That  could  be  explained  by  the 
layer  structure  stability  of  the  atmosphere.  Because  the  layer  structure 
of  atmosphere  in  the  cloudy  day  is  more  stable  than  in  fine  day,  the 
atmosphere  turbulence  in  fine  day  is  more  intense  than  in  cloudy  day, 
accordingly,  the  MMW  scintillation  in  fine  day  is  more  intense  than  in 
cloudy  day. 

Figure  3  is  the  measuring  result  in  foggy  day.  It  is  obvious  that 
the  index  n  in  figure  3  is  greater  than  in  figure  1  and  2.  The 
scintillation  intensity  is  also  large.  That  could  not  explain  by  the 
stability  o£  atmosphere.  Because  the  layer  structure  of  atmosphere  is 
very  stable  in  foggy  day,  otherwise  it  is  impossible  to  form  the  fog. 
The  recording  of  wind  velocity  is  3.7m/s.  There  are  some  inhomogeneous 
fog  masses,  their  scales  arrange  from  several  meters  to  several  hundred 
meters.  They  passed  through  the  detecting  path  and  made  the  water  vapor 
distribution  along  the  path  changed  continuously.  This  caused  the 
measuring  data  flutter.  As  the  fog  massed  passed  through  the  path,  it 
is  slow  change  of  the  water  vapor  distribution,  so  the  low-frequency 
scintillation  in  foggy  day  is  important.  The  signal  amplitude  variation 
is  quite  large,  it  is  contributed  by  the  water  vapor  attenuation  to  the 
MMW.  It's  not  merely  the  effect  of  the  atmosphere  turbulence. 
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Fig.  2  Measuring  result  on  Sep.  24,  1989 
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Abstract 

A  novel  method  using  atmospheric  molecular  line  emission  for 
millimeter  and  submillimeter  wave  remote  sensing  of  terrain  is 
developed.  This  method  enables  one  to  estimate  emissivity  and 
thermodynamic  temperature  of  terrain  by  measuring  brightness  tem¬ 
perature  of  the  earth  at  two  frequencies  belonging  to  an  atmosphe¬ 
ric  line,  and  improve  recognition  of  earth  cover. 


Brightness  temperature  is  measured  directly  value  by  passive 
remote  sensing.  It  is  the  result  of  adding  the  directly  emitted 
radiation  and  scatteiwd  by  rough  surface  atmospheric  emission. 

Brightness  temperature  of  terrain  in  Rayleigh-Jeans  approxima¬ 
tion  at  the  frequency  v  can  be  written  as 

T^^(i^,'&,0)=/;<y,^,<^)T^+Cl-c(v,^,fl>)]f(u,^.<^),  (1) 

where  ®  and  <P  are  zenith  and  azimuth  view  angles,  respectively, 

T_is  thermodynamic  temperature  of  emission  layer  of  cover, 

2n  n/2 


sin9  d^,  (2) 


0  0 

-mean  atmospheric  brightness  temperature  averaged  over  scattering 

indicatrix,  ©  and  <p  -  zenith  and  azimuth  incident  angles, 

respectively,  -  the  atmospheric  brightness  temperature, 

-  bidirectional  spectral  reflectivity  of  terrain. 

There  exists  the  following  relationship  between  emissivity  and 

bidirectional  spectral  reflectivity: 

2ti  n/2 

jd/|p(  u,  (^)cos’&  sin^  d^  ,  (3) 


Integration  in  (2)  and  (3)  is  made  along  upper  hemisphere 
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general  case,  £{v,»,<p) ,  and  depend  on  pola- 

D 

rization. 

The  value  ,i>}  ic  not  a  stable  characteristic  of  cover  in 
nillimeter  and  subnillineter  ranges  oning  to  strong  changeability 
of  thernodynanic  tenperature  of  thin  cover  enission  layer  and  to 
fluctuation  of  the  atmospheric  brightness  tenperature  caused  pri¬ 
marily  by  variations  of  cloud  and  atmospheric  moisture  content. 

Moreover, a  great  deal  of  natural  earth  covers  have  emissivity 
close  to  unity,  therefore  variations  of  and  make  ap¬ 
proximately  equal  contribution  to  variability  of  ,<P) . 

Emissivity  is  a  more  stable  cover  characteristic  in  comparison 
with  brightness  temperature  and  can  be  used  for  classification  of 
the  cover.  This  value  can  be  obtained  solving  equation  (1),  if 
T(t’,&,i^)  and  T^  are  known.  However,  thermodynamic  temperature  va¬ 
lue  of  terrain  is  usually  unavailable  by  remote  sensing.  It  leads 
to  essential  errors  at  estimation  of  terrain  emissivity  and  to 
mistakes  in  record  it ion  of  different  kinds  of  cover. 

To  overcome  this  difficulty,  the  dual-frequency  measurement  of 
terrain  brightness  temperature  can  be  used. 

There  is  a  unique  possibility  to  fulfil  these  measurements  in 
the  millimeter  and  submillimeter  wave  regi'-  .  ,  There  are  many 
strong  atmospheric  emission  lines  of  s  icn  molecules  as  H^O,  CO, 
0^,  0^  et  al .  in  the  range  of  interest. 

Moreover,  most  of  covers  hav._  con'rtrnt  emissivity  within  the 
frequency  range  belonging  to  the  same  emission  line.  Hence,  sol¬ 
ving  a  set  of  two  equations  similar  to  (1)  for  the  two  experimen- 


tal  value 

b  i 

T,  and  the  corresponding 

va  lues 

and  ,<p) ,  one  can  obtain 

T.  (V  ,&,<^)-T  (r-  ,».0) 

”1.  V  X  O  Z 

(4) 

T<i>^ 

=  -1-^ - 2 - J -  ,  (5) 

Thus,  such  a  remote  sensing  method  make  it  possible  to  measure 
not  only  emissivity,  but  also  the  thermodynamic  temperature  of 
the  emission  layer,  the  latter  being  an  important  characteristic 
of  earth  cover  too. 
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The  values  of  and  can  be  estinated  fron  the 

formula  (2)  employing  experimental  or  theoretical  values  of 
and 

Fortunately , most  of  covers  are  diffuse  scattering  in  millimeter 

and  submillimeter  wave  bands,  therefore  the  angular  dependence  of 
#  « 

Piv ,9 ,<p ,9 ,<p')  can  often  be  neglected.  In  this  limit  case  of 
Lambert's  cosine  law  the  dependence  f(v>)  calculated  in  the  appro¬ 
ximation  of  the  plane-parallel  isothermal  atmosphere  model  can  be 
expressed  as  [1] 

f<L>)  =  T^{i;i-2EgtT<i.)])  .  (8) 

where  -  thermodynamic  temperature  of  atmosphere,  T<v')-zenith 
optical  depth,  and  E^[t<u)]  -  integral  exponential  function. 

In  another  extreme  case  of  smooth  surface  when  the  reflection 
is  specular  T(v,^,0)=T  <y,i&,<^frT) . 

Cl 

However,  information  of  the  atmospheric  brightness  temperature 
is  not  necessary,  if  there  is  a  refere.nce  surface,  whose  ndicat- 
rix  is  similar  to  that  of  the  surface  under  investigation,  and  the 
emissivity  is  known  and  not  equal  to  unity.  In  such  a  case 

the  emissivity  of  the  investigated  surface  can  be  estimated  from 
the  equation 

1  -  T.<y.d,0)-T.(w  ,'»,<?>) 

____________  _  o  ^  b  2 

where  T°(^’  and  T^(  -  brightness  temperatures  of  the 

o  1  o  2 

reference  surface  at  frequencies  and  respectively ,  measured 
under  the  same  conditions  as  and  T.(w  ,9,ip). 

If  the  thermodynamic  temperature  of  the  reference  surface  is 
also  available,  then  as  a  result  of  brightness  temperatures  measu¬ 
rement,  one  can  obtain 

T  =  I - ,  (8) 

where  has  been  obtained  from  the  equation  (7). 

To  estimate  £{&,<p)  and  T  most  accurately  it  is  necessary  to 
choose  the  cover  with  large  possible  albedo  a(^,i^)=  ,&a  a 

reference  surface.  For  this  purpose  can  be  used  either  an  earth 
surface  covered  of  deep  snow  layer,  dry  sand,  vegetation,  or  water 
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surface . 


To  solve  renota  sensing  problens  nrhich  not  require  the  absolute- 
neasurenent  of  enissivity,  but  need  only  discrinination  of  diffe 
rent  kinds  of  coves,  one  can  use  the  difference 

,  independent  of  the  thernodynaaic  tenperatu 
re . 

The  above  nentioned  nethod  can  be  used  both  in  ground-based  as 
well  as  by  low  altitude  airborne  investigations  of  raditioBotric 
characteristics  of  terrain,  if  ground-airplane  path  attenuation  is 
negligible .This  nethod  can  be  generalized  to  neasurements  through 
the  atmospheric  layer.  However,  in  this  case  attenuation  and  emis¬ 
sion  of  lower  atmospheric  layers  have  to  be  taken  into  account. 
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SOLITON  SOLUTIONS  OF  PERIODIC  AND  NONPERIODIC 
INHOMOGENEOUS  NONLINEAR  KLEIN-GORDON  EQUATIONS 


F.K.  Kneubiihl  and  J.  Feng 
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Swiss  Federal  Institute  of  Technology  (ETH),  CH-8093  Zurich,  Switzerland 
Tel.  (1)  377  23  40.  Fax:  (1)  377  59  89 


Solitary  waves  and  solitons  represent  an  imponant  stable  state  of  nonlinear  systems  in  many 
fields  of  applied  mathematics  and  physics  such  as  fluid  dynamics,  elementary  particle  physics 
and  laser  science.  In  laser  physics  solitons  are  studied  and  applied  mainly  in  infrared  optical 
fibres  and  waveguides.  The  soiiton  regime  of  pulse  transmission  in  single-mode  optical  fibres 
permits  drastic  improvement  of  data  transmission  over  large  distances.  Research  on  solitons  is 
concentrated  on  solitons  and  solitary  waves  in  homogeneous  media  whilst  the  study  of  solitons 
in  periodic  or  otherwise  inhomogeneous  media  started  only  recently.  This  already  resulted  in 
remarkable  results,  e.g.  in  the  phenomenon  of  in-gap  solitons  [1].  Our  interest  in  solitons  in 
periodic  or  otherwise  inhomogenous  media  is  related  to  applications  in  fibre  optics  as  well  as  to 
the  theory  of  pulsed  distributed-feedback  (DFB)  and  distributed-Bragg-reflector  (DBR)  lasers. 

In  this  study  we  focus  our  attention  to  the  solitons  and  solitary-wave  solutions  of  periodic  or 
otherwise  inhomogeneous  nonlinear  modifications  of  the  well-known  one-dimensional  Klein- 
Gordon  equation  which  have  been  rarely  investigated  [2].  These  modilled  Klein-Gordon 
equations  can  be  represented  by 

Uxx  -  n(x)^c-  U(t  =  k|  ti(xj  •  (1) 

du 


where  k^  indicates  the  Compton  circular  wavenumber,  c  the  velocity  of  light  in  vacuum,  n(x) 
the  spatially  varying  refractive  index  and 

O  =  0(u,  X)  =  ^(x)  a)(u)  (2) 
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die  potendaL  The  factor  |i(x)  defines  its  spatial  variation.  The  standard  KIein<kiidon  eqnadon 
is  given  by  die  cooditkms 


n(x)  =  n(x)  =  i;  <IKu)»^u2  (3) 

Up  to  the  present  we  have  found  a  number  of  analydcal  soliton  and  solitary-wave  soludons  for 
typical  moduladons  of  n(x)  and  <l>(x,  u),  including  linear,  almost  quadradc.  hyperbolic  and 
periodic  lefiracdve  index  moduladons  as  well  as  sech  -  square  and  periodic  moduladons  of 

non-quadradc  potentials  <I>(u).  Among  the  results  we  find  Idnk  solitons,  kink-andkink  solitons, 
solitary  waves,  quasi-Floquet  soludons,  perturbadons  over  classical  soludons,  as  well  as 
reiadons  to  in-gap  and  out-gap  solitons. 
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COMPLEX  PERMITIVITY(«  )  AND  PERMEABILITY (m  ) 
MEASUREMEHTS  AT  MILLIMETER  MAVELEKGTHS 


Jian  kun-hua  Chen  zhong  Li  shi-zhi 
(Beijing  Institute  of  Technolongy) 


ABSTRACT 

A  Conplex  Peraitivity  and  Peneability  aeasureient  systea  is  discussed 
in  this  paper.  Free  space  wave  aethod  has  been  used  to  aeasure  the 
paraaeters  {«  u  )  of  loss  dielectric  and  aagnetic  aaterials  at 
ailliaeter  wavelength.  POVELL  aethod  and  penalty  function  are  used  to 
solve  the  autiple  value  probieas.  Testing  results  of  soae  typical 
aaterials  and  testing  accuracy  of  the  systea  are  shown  in  this  paper. 


INTRODUCTION 


1 . Measureaent  aethod  of  8  aa  wave  band  absorb  aaterial  paraaeters. 

A  Free  space  wave  aethod  (FSVM)  has  been  used  to  aeasure  the  absorb 
aaterial  parameters  at  ailliaeter  wavelengths  in  this  paper.  Many 
new  technical  ways  have  been  derived  in  this  aeasureaent  systea.  For 
exanpla,  terainal  short  circuit  aethod:  Double-short  end  aethod,  etc. 
A  absorb  aaterial  plate  is  fixed  in  the  free  space,  its  thickness  is 
d,  as  shown  in  Fig  1.  The  reflect  coefficient  and  transmit  coefficient 
shown  as  follows. 


where 
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If  we  use  metallic  plate  of  short  circuit  instead  of  the  third  region 
i n  F i g  1 .  Ve  get : 


Rc  = 


Ri: 


•j2# 


l-Rga^*  e 


-i2* 


(3) 


Me  can  derive  several  equations  to  calculate  «  »•  and  m  r-  froi  Eq.  (1) 
and  (3),  For  example,  By  short-open  end  method  we  derived  formula  as 
foil  ows 


C  1  ='✓'  H  r /•  r-  i 

=  y  M  r~-  [ 


f  RcRo-»Rc*Ro*  1  , 
RcRo-3RoH  * 

-(3-2nn  l^jlnAJ  ♦ 


1/2 

I  0 
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(5) 


m* 


where 


u  _  /  8 ia~Rc  ^  . 

rT.T8r  >  • 

froi  Eq.  (4)  and  (5),  we  get 
f-Ci  Cz  » 


R la-Rc  I 

R 1  xRc 

•  r-C*  /  C » 


where  Ci  is''laken  plus  or  ainus  sign  froa  I  Ri*  I  <1 

In  Eg .  (S) ,  becuase  n  can  take  arbitrary  integer  values.  it  aakes 
-y  n  r*  r  Bultiple  roots,  we  can  use  the  thinner  sheet  to  increase  the 
distance  of  the  roots. 

a. a.  Neasureaent  of  the  dielectric  aaterial 

For  p  f-  =  l  dielectric  aaterial  the  above  coaputation  is  still  effective, 
and  only  one  test  is  needed  for  •  r-,  froa  (3)  we  get: 


Vhere,  T  and  x  are  solution  of  equation 
l^Rc  i  0  ^thiT_eil  ) 


It  is  called  terainal  short  circuit  end  aethod. 

b.  Measureaent  of  the-  plastic  aodel  and  rubber  type  aagnetic  aaterial, 
Ve  can  use  double  short-circuit  end  aethod  to  aeasure  this  kinds  of 
aaterials.  Ve  aeasure  one  kind  of  aaterial  which  has  different 
thickness,  the  reflective  coefficients  of  two  diffrent  tests  are: 


R 1  o  — 


R 1 2 1  ~  e 
1 “R  j  2 1  e 


-J2V- 


R 1 22~  e 


1 “R 122  e 


where , 


*  1=2*  d, 


«  rM  r-  /  A  O  , 


:  =  2«  M  r«  r  ''  -I  0 


Eq.  (9)  and  (10)  can  be  considered  as  the  transcendental  equation  of 
coaplex  variable  quantities.  Ve  take  the  POVELL  aethod  of  aultiple 
variable  (optiaizing)  nuaerical  solution  and  adopte  penalty  function 
aethod  and  transfore  correlated  optimizuii  problea  to  uncorrelated 
one  to  solve  Halted  problen,  the  process  is  shown  as  follows: 
a)  To  establish  target  function 


f (x)=  I  I  f  i  (x)  1 

1-1 


where 


f(x)=ReCRj-RB3  ,  or  InCRj-RaD 
j=l,2.  X  is  self  variable  vector. 


•  r  ,  • 


.  P  P  r”) 


b)  Penalty  function 


T  (x,  a)=f(x)*M  Y.  (aintO,  gk(x)]  ) 

k  -  1 


where  gk  (x)  is  •  r ,  p  f  and  Ria  physical  correlated  condition  or 
subband^  bound  correlated  condition.  For  instance.  •  r’’>0,  1<»  .-'<5, 
etc,  H  is  penalty  factor,  it's  selected  in  tested  prograa,  for  exaaple. 
M=5  or  M=10  etc. 
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c)  POVELL  lethod  is  used  to  solve  uncorrelated  liaitation-  value 
problea: 

Hin  T(x.  M)  (13) 

If  ^  Bn 

It  is  the  optiaua  solution  for  «  and  m  values. 

2.  The  aeasureaent  svstea  is  shown  in  Fig  2.  It  can  carry  out  the  dot 
frequency  test  of  the  aaterial's  coaplex  «  and  ^  and  the  reflective 
coefficient  at  (26.5~40)  GHz. 


I  Source  I - 1  liBulitor  H— (  Uive  I — I  Wriabic  ) - lOlrectie*  ¥• 

I  wtcr  I  I  anmutoi  |  I  cci»liiw  | 


Fig  2 


a.  Principle  of  this  systea. 

High  freguency  instead  aethod  is  used  in  the  balancing  bridge  systea. 
The  reflection  and  transaition  coefficient  of  the  aeasured  aaterial 
sheet  can  be  achived  according  to  the  folloving  equations: 


R  =  ex  p 

.  Ai-Ax' 

‘  8.686 

j (180  * 

*9  \-9  i' 

)  I 
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T  =  exp 
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(i=l. 

21  are 

aaterial 

sheet 

datas 

when 

the 

systea  is 

in  the  balance  situation. 

b.  Four  steps  are  used  to  increase  the  accuracy  of  this  systua. 

(1) High  stability  signal  source  and  high  accuracy  restored  eleaents 
are  used  in  this  systea. 

(2)  Equa 1 -araed  bridge  is  used  to  decrease  phase  error  which  caused  by 
frequency  aoving  of  signal  source.  Systea's  phase  error  A  ip  <0.3*  . 

( 2 ) He u era  1 i ng  circuit  is  adopted  to  reduce  the  effect  of  antenna 
coupling  and  background  scattering.  Interference  level  can  be  reduced 
to  -50  dB  below  coaparing  with  aetallic  sheet. 

(4)tfindow  specinen  support  is  used  .high  quality  absorbing  aaterial  is 
used  to  reduce  the  edge  diffraction  effect  of  speciaen. 

It  shows  that  the  testing  accuracy  is  greatly  increased  when  ail  of 
the  steps  are  taken. 


RESULTS  AND  ANALYSIS 

A  lot  of  tests  and  analyses  have  been  done  in  this  systea.  Soae  datas 
of  testing  results  were  shown  in  table  1.  It  shows  that  it  has  good 
agreemens  between  testing  results  and  typeical  aaterial  datas. 

Higher  nesting  accuracy  of  aesuring  aiddle  or  large  loss  absorber  has 
achieved  by  using  this  aethod.  The  accuracy  of  this  systea  are  shown 
as  follows: 

(A*  ,  ,  A*  r")<  •  r'xlOX 

(A#l  n'.  Am  r")<  it  n'xlOX 
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,.  =  8.342-30.594  j 

Absorber 

r=29.60-j25.53 

a 
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INTERNAL  MATCHING  BROADBAND  METHOD  OP  MILLIMETER 
WAVEGUIDE  CIRCULATOR 
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ABSTRACT 

The  internal  Batching  broadband  method  of  millimeter  waveguide 
circulator  is  presented  in  this  short  paper,  which  have  explained 
the  bandbroadening  attempts  in  literatures  and  also  directed  our 
successful  developments  of  MMW  waveguid*^  circulator. 

INTRODUCTION 

In  order  to  obtain  broadband  circulator,  a  quarterwave  step  trans¬ 
former  is  often  used  in  the  waveguide  junction.  That  is  the  well 
known  external  matching  broadband  method  of  waveguide  circulator, 
the  transformer  can  be  a  circular  (  triangular,  hexagonal,  Y-shape 
and  so  on  )  pedestal,  or  even  a  dielectric  sleeve. 

The  internal  matching  broadband  method  is  not  the  one  based  on  a 
quarterwave  step  transformer.  There  are  many  means  of  so  called 
internal  matching  broadband  method,  such  as  the  lowest  mode  & 
shortest  path  length  and  the  optimum  height  of  the  junction  &  place 
of  the  ferrite. 

THE  LOWEST  MODE  AND  SHORTEST  PATH  LENGTH 


I*  is  known  from  the  general  theory  of  the  scattering  matrix  that 
the  bandwidth  of  a  circulator  is  based  on  the  identity  of  the  rate 
of  change  of  phase  of  the  three  eigen-values  with  frequency. 
Employing  the  lowest  possible  mode  and  shortest  associated  path 
length  implies  broadband.  The  exact  operation  modes  of  partial 
height  ferrite  H-plane  waveguide  circulator  are  n  =  0,l,2,...; 
q=l/2  )  hybrid  modes  [1],  and  the  height  of  the  ferrite  cylinder  h 
is  in  proportion  to  n  +  q.  Both  of  the  8-mro  and  3-mm  waveguide 
circulator  12)  {3)  in  the  lowest  modes  HE,,®  have  the  most  broad 


bandw i dth . 


THE  OPTIMUM  HEIGHT  OF  THE  JUNCTION  A  PLACE 
OF  THE  FERRITE 


The  ferrite  of  the  E-plane  waveguide  Y-junction  circulator  is  a 
circular  disk.  The  equivalent  circuit  of  the  resonance  frequency 
splM.s  for  the  rotational  phase  eigen-excitations  is  shown  in  Flg.l, 
thus 
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Fia.l  Equivalent  circuit  of  Li =  (  u  7  k  )  L 

the  E-plane  waveguide  circulator 


It  is  clear  from  (1)  that  in  order  to  increase  the  bandwidth  of  the 
circulator , either  the  line  impedances  Zt  of  the  waveguide  arms  must 
be  increased,  i.e.,  the  width  of  the  waveguide  must  be  decreased  [4] 
[51  ;  or  the  Impedance  slope  parameter  of  the  resonant  circuit  must 
be  decreased,  i.e.,  the  coupling  of  waveguide  and  resonator  fields  , 
represented  by  C«  ,  must  be  increased  (41  (61  . 
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A  Kerr  medium  embedded  in  a  periodic  sbruckure  exhibits  a  large 
variety  of  interesting  features,  such  as  bistability,  self- 
pulsing  and  chaos,  gap  solitons  and  solitary  waves.  It  was 
found  recently,  that  an  intense  optical  trains  can  penetrate 
undistorted  through  a  distributed  feedback  reflection  filter , 
in  spite  of  the  fact  that  their  carrier  frequency  lies  well 
within  a  forbidden  band  of  the  periodic  structure  [1-4].  In 
this  work  we  extend  the  discussion  of  such  ”in-gap"  solitary 
waves  to  the  solitary  waves  whose  carrier  frequency  of  the 
optical  waves  may  lies  far  outside  the  forbidden  frequency  gap. 

The  one-dimensional  periodic  medium  under  study  has  the  linear 
refractive  index 

n^^(z)  -  hQ +23^003  (2iCjZ)  {0<iii<<no) 

and  the  nonlinear  susceptibility 

Xaoalii,  =  • 

Our  study  bases  on  the  nonlinear  coupled-mode  equation 

=  iAic£:,+iK£],+ia(|£,P+2|£'^!2)^f 
)  =  -iAJc£i,-iitE',-ia(2|£:fP+j£i,P)£i, 

\  OZ  C  OC  "  * 

where  are  components  of  the  total  field 

E(z,c)  =  Ef(z,  OexpC-ioJt+ikBz]  t)exp[-iu)t-iicsz]  , 

K  »  ^kon^/nj  >0  is  the  coupling  constant,  Ak  «(u-u,)no/c 
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describes  the  frequency  detuning  in  units  of  wave  vector,  a 
»*Skjia/no  is  a  measure  for  the  nonlinearity. 

The  usual  "in-gap”  soliton  can  be  found  using  the  boundary 
condition  lim  t)  =0  . 

c  Clx«d 

However  a  wave  with  carrier  frequency  outside  forbidden 
frequency  gap  in  general  does  not  satisfy  this  boundary 
condition.  We  have  shown  that  ui.der  the  boundary  condition 

lim  t)  1  a  const  *0  ,  lim  ^  «  0  , 

C  ;ix«d  C  £lMd 

solitary  solutions  exist. 

In  contrast  to  the  known  ”in-gap  solitons",  the  new  solitary 
solutions  have  their  carrier  frequency  mainly  outside  the 
frequency  gap  of  the  periodic  structure,  so  we  refer  them  as 
"out-gap  soliton”. 

They  possess  some  interesting  properties:  two  solitary 
solutions,  the  "bright  soliton"  and  the  "dark  soliton",  may 
exist  for  the  same  boundary  conditions;  for  the  same  "forward" 
background  field  intensities  lini|E^(z,  t)  ^  and  same  other 

f~*m 

parameters,  two  "backward"  intensities  lim|£'jj,(z,  t)  |* ,  which 

allow  solitary  solutions,  may  exist;  solitary  waves  with 
velocity  larger  than  the  speed  of  light  also  exist,  at  least 
mathematically . 
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.ABSTRACT 

In  this  paper/  the  characteristic  of  the  coupling  NRD  guide  is  analysed/  and  a  kind  of 
N'RD  guide  power  divider  in  coupler  style  is  designed  in  Ka  band.  The  power  divider  is 
made  up  with  a  nonsymmet ri c  NRD  guide  coupler  which  the  transiter  of  the  isolation 
port  is  cut  off  and  a  model  matching  load  is  sticken  on  the  end  dielectric 
strip  of  the  isolation  port.  Because  it  possesses  simple  structure/ snal  I  size  and  good 
performance*  it  would  have  great  use  value. 

I.NTRODUCTION 

iienerally.  the  nonradiative  dielectric  waveguide  (NRD  guide)  power  divider  can  be 
i.onsti  tuted  with  Y-style  junctor  and  branch  line.  But  the  performance  of  the 

isolation  between  two  output  ports  in  Y  junction  power  divider  is  very  poor/  it 
usually  be  lower  than  10  dB.  After  absorbing  materials  being  sticken  on  the  suitable 
places  of  the  output  ports*  the  isolating  degree  would  be  increased/  but  the  insertion 
loss  would  also  he  greatly  increased  simultaneously.  Although  the  performance  of 

isolatinij  of  the  branch  line  divitier  is  relatively  good/  the  bandwidth  is  very 
narrow.  Its  bandwidth  could  he  Increased  by  using  multi-order  division*  but  the  total 
size  would  be  very  large.  In  this  paper/  a  kind  of  NRD  guide  power  divider  in  coupler 
style  is  designed  on  the  base  of  analysing  the  characteristic  of  coupling  NRD  guides/ 
i!  could  utilize  the  good  performance  of  a  coupler  and  a  satisfied  result  would  be 
obtained. 


.AN’ALYSIS  OF  THE  COITLIKO  .NRD  GUIDE 

me  structure  of  coupling  NRD  guides  ii  shown  in  Fig.  !.  The  coupling  between  two 
dielectric  waveguides  occurs  through  vanishing  fields.  Its  characteristic  eguations 
an  be  easily  obtained  by  the  eve.n-odd  mode  method  because  o.  the  symmetric  structure 
aiiout  the  YOZ  plane  as 


^  :th(«f*-J)  *  -  tg(t<*a)  ]  =  0 

Hq  ■  ’  *  tg(C^a)  ]cth(0(f|-)  f  -  tgcc^a)  1  =  0 


(I) 


•  206  • 


The  propagatins  constants  are  deieraained  by 

[  £r  -  b  /  ]l 

/S**=  I  £r  rf- (fltf  ^  ^  .  h 

where  oil  is  the  wavenuaber  along  the  x  direction  in  the  region  of  i.  kj  ^  .  The 

coupling  coefficient  of  the  coupler  is 

K  =  (3) 

The  coupling  degree  of  the  syaaetric  directional  coupler  shown  in  Fig. 2  is  obtained  by 
the  network  aethod  as 

C  =  -!0  Igl(SinKle)!  (4) 

where  l^  is  the  equivalent  coupling  length. 


1  2 


4  3 


Fig.  2  The  syaaetric  NRD  guide  directional  coupler 

The  NRD  guide  power  divider  is  aade  up  with  a  directional  coupler  which  the  transiter 
of  the  Isolating  port  is  cut  off  and  the  absorbing  aaterial  is  sticken  on  its  end 
dielectric  strip.  The  aethods  of  analysis  and  computation  of  a  coupler  can  apply  to  the 
divider  after  the  coupling  length  being  revised. 

Becau5«  of  the  sane  propagaling  constants  in  the  two  dielectric  guides>  power  can  be 
transfered  from  one  waveguide  to  the  another  if  the  coupling  length  is  long  enough  when 
the  structure  is  completely  syaaetric.  The  coupling  length  greatly  depends  upon  Ihe 
operating  frequenc;''  and  nodes  possess  dispersion  characteristic,  so  the  bandwidth 
is  very  narrow.  But  the  bandwidth  could  be  increased  by  using  nonsyaaetric 
structure  because  of  the  different  propagating  constants  of  the  two  dielectric 
waveguides.  The  coupling  charac t er i s t i c  of  the  nonsyaaetric  coupling  slab  guide  is 
shown  in  Fig.  3.  It  ran  be  found  that  the  naxiaua  coupling  power  decreases  and  the 


a/A. 

Fig.  i  The  characteristics  of  the  nonsymaelrir  coupling  slah-guidr 
aa.xiauffl  coupling  point  moves  to  the  end  of  the  coupler  while  the  frequenc,  ascending. 
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These  usually  U«it  the  bandwidth  of  the  coupler.  It  is  notable  that  the  couplins 
power  would  be  returned  to  the  first  one  while  the  coupling  length  adding  after 
the  aaxinuo  power  transfersion  occuring.  So  we  can  utilize  the  effect  to  increasing 
the  bandwidth  of  the  coupler. 

DESIGN  AND  MEASUREMENT  OF  THE  POWER  DIVIDER 

The  practical  structure  of  the  power  divider  is  shown  in  Fig. 4.  According  to 

the  transinission  characteristic  of  NRD  guides  the  single  node  operating  bandwidth 

would  be  relatively  broad  if  the  ratio  of  the  dielectric  strip's  width  and  heigth 

a/b  is  1.  In  Ka  band,  we  can  use  Teflon  (£r  =2.05  )  and  nake  a  =  b  =4.0  In  order  to 


i  2 


Fig.  4  The  NRD  guide  power  divider 


obtain  broad  bandwidth  of  the  power  divider,  the  widths  of  the  two  dielectric  waveguides 
should  be  different.  First  of  alt.  more  than  half  of  the  power  is  coupled  into  the  second 
waveguide  from  the  first  one  at  the  lower  frequency  by  choosing  the  suitable  waveguide 
dimensions  and  the  coupling  distance.  Then,  adjust  the  coupling  length  to  return 
the  overdose  coupled  power  to  the  first  oie.  So  the  coupling  degree  could  be  reduced  to 
3  dB  at  higher  frequency.  The  measured  results  show  that  the  relative  bandwidth  would 
be  more  than  3*>  while  the  value  of  a  is  in  the  region  of  3.58  u  to  3.74nB.  The 
high  impedance  of  the  absorbing  material  which  is  slicken  on  Ihe  end  dielectric  strip 
must  match  with  the  characteristic  impedance  of  the  dielectric  waveguide  to  obtain 
great  isolation  of  the  two  isolating  ports.  The  measured  results  are  shown  in  Fig.  5.  The 


Fig.  5  The  characteristics  of  the  NRD  guide  power  divider 


performance  of  liif’  divider  within  the  3*  relative  bandwidth  are 


power  division:  C  =  10  Ig  (  +  Pj)  /  P,  =  3  +  0.  4  (dB) 

inserting  loss:  I  =  10  Ig  P,  /(  P^  4^  Pj  )  <  l.f  (dB) 


isolating  degree:  I  =  10  Ig  P^  /  P|  >  14  (dB) 
VSW.:  f  <  1.3 
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ABSTRACT 

In  this  paper/  the  operating  principle  of  a  LSE  iS  node  exciter  froa  LSNfi  aode 
in  nonradiative  dielectric  waveguide  (  NRO  guide  )  is  analysed.  Then  the  LSM,* 
“LSEfi  node  converter  has  been  designed  and  fabricated  in  Ka  band.  The  calculated 
and  measured  results  alt  show  that  the  converter  possesses  the  advantage*  of  high 
convertion  efficiency  and  broad  bandwidth.  It  would  be  very  useful  to  NRD  guide 
balanced  mixer  and  the  integrated  front  ends. 

INTRODUCTION 

Because  nonradiative  dielectric  waveguide  (  NRL  guide  )  possesses  the  ch.irac  terist  ics 
of  almost  completely  suppressing  radiation  at  bends  and  discontinuities  and 
conduction  loss  decreasing  when  operating  frequency  increasing  within  a  given 
range  of  freguencj.  it  is  suitable  for  being  used  as  transiaission  line  to  compose 

millimeter-wave  integrated  front  ends.  Previously/  a  3  dB  NRD  guide  directional 

coupler  had  been  used  in  the  balanced  mixer  of  the  front-end  circuits  [1].  But 

the  size  of  the  3  dB  NRD  guide  coupler  is  quitely  large  <  the  output  symmetry 
and  the  bandwidth  characteristic  are  not  easy  to  be  obtained.  These  factors 
directly  limit  the  improvement  of  the  performance  of  the  mixer.  If  the  LSMy, -LSER 

mode  converter  presented  in  this  paper  and  the  crossbar  structure  are  adopted  in 
the  balanced  mixer/  the  design  and  adjustment  would  be  simplified  and  the  structure 

of  the  mixer  would  be  compacted.  The  performance  of  the  NRD  guide  circuits  will 

be  improved. 


.ANALYSIS  OF  THE  LSE  MODES  EXCITER 


All  kinds  of  transimission  modes  in  NRD  guide  can  be  classified  as  two  types, 

longitudinal-section  magnetic  modes  (  LSM  modes  )  and  longitudinal-section  electric 
modes  (  LSE  modes  ).  The  field  lines  of  some  lower  order  modes  in  NRD  guide  are 

shown  in  Fig.  1.  The  dispersion  characteristics  of  TE >  LSE  *,  and  LSM  5  modes 

are  shown  in  Fig.  2.  Generally  .  LSM  fl  mode,  the  lowest  LSM  mode/  is  chosen  as 

the  operating  mode  in  NRD  guide  because  of  its  low  transimission  loss.  But  TEJ 

mode  and  LSE  mode  can  also  be  propagated  in  the  condition  of  same  structure 

Parameters  of  the  NRD  guide.  When  the  '  exciting  electric  field  possesses  the 

components  along  the  .x-  and  y-  direction/  LSM  and  LSE  modes  will  be  excited  out 

respec lively. 


Fig.  1  The  fields  lines  of  NRD  guide.  (a)TE,",  -(byLSMS  •  (c)LSEf, 


If  a  thin  letal  probe  is  inserted  in  the  dielectric  strip  of  the  NRO  9uide  along 
the  X-  directioof  as  shonn  in  Fig.  3»  Ihe  incident  power  of  the  LSM  it  node  will  be 
partially  converted  into  the  power  of  the  LSEn  node.  Assoning  the  x-  direction 
cowponent  of  the  field  for  the  LSM  node  as 

=  (  k*  -  kj,  )  cos(k»,x)  cos(-^y)  e"’^  (1) 


Fig.  2  The  dispersion  characte-  Fig. 3  The  NRD  guide  nodes  converter 
ristics  of  NRD  guide 

where  k*  =  (0*ila£o£V  .  kxi  and  fit  are  the  wavenunbers  .of  LSNj  node  along  the  x-  and 
z~  directions  respectively*  the  induced  current  by  Ex  on  the  thin  netat  probe  is 
given  by 

I*=  XT  In  sin[-^(x,+  a)|<  (-a  4  x4  -a^h)  (2) 

i»«l  " 

Hej^  the  naynelic  vector  potential  X  only  Possesses  the  direction  conponent*  ~K 
=  TxAx  .  which  is  detemined  by  the  relation 

+  k*A*=  -jy*  (3) 

Because  the  excited  electric  fields  should  possess  the  characteristic  of  synnetr.'' 
for  X-  axis*  and  higher  order  nodes  should  be  cut-off*  there  are  only  LSM  ®  and 
LSE  I*  nodes  excited  out  by  Ax. 


The  Green' s 

function  (2)  in  equation  (3)  is 

G  =  AjcosCk,^)  cos<-^y)  .A^sintk^x)  cosf-^y) 

(4> 

where 

^  (fiiikztx,) 

(5) 

^  j  b  (a  ' 

(6) 

where  k;Q  and 
respect  ively. 
Therefore  Ax 

®re  the  wavenunbers  of  LSEj*  node  along  the  .x-  and  z- 

can  be  obtained  as 

directions 

Ax  ■  w  d  dve  .  . 

-£»HU  *  B2„sin<k,^x)  e*''^]  cns(-^y ) 

ast  P 

C7> 

where 
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""  Jhf^(AT^iazk^iKii%jl^  - 

And  the  excited  electric  field  is 

E»  =  -  j;;^Cl,{B,„k*,cos(V^  e’»^+  %«k4siB()^„x)  e’**] cos(-J-y> 

'  i»Aufi  I»IB„,  cos<k,,x)  e’^*^*+  B^sin<k,j^x)  e'^]cos<-^y)  <10) 

*■1 

The  boundttry  condition  on  the  surface  of  the  «etal  probe  is 

Ex  +  d  (y  =  2  =  0)  <11) 

Substituting  Eq.(l)  and  Eg.flO)  into  Eq.dl)/  we  can  obtain  the  N-diaension  linear 
equations  as 

!C  nn]  (InJ  =  lDml>  (  B>n  =  l»  2»  )  <12^ 


where 

k*  M 

Can  :  *  j"AU)  B,„cos[kjt,(-a  +  -yh)] 

*(  7  *  jwijU,)  B»nsinlk„(-a  +  ■^)) 

jw4«r  *•*  If 

Dan  =  <  k*-  k|, )  cos[k*,(-a  +  ^)) 


fl3) 

(14) 


We  define  the  ratio  of  the  lExl  of  the  excited  ISE?|  tode  and  lEx  I  of  the  incident 
LSMa  node.  ^  *  *3  the  convection  efficiency  of  the  ISM  *  LSE  node  converter, 
which  can  be  written  out  as 


kw£o£r(M  - 


(15) 


According  to  the  equation  (15).  the  coaputation  results  of  I]  are  shown  in  Fig. 
4  and  Fig.  5.  It  is  obvious  that  the  node  convertion  caused  by  the  single 
netal  probe  is  relatively  strong  within  a  very  broad  bandwidth.  If  the  length 
of  the  aetal  probe  is  increased,  the  convertion  efficiency  will  be  notablly 
improved.  Bul<  when  h  ?  2a.  Eq.  (15)  will  not  be  used  because  of  the  influence 
of  the  higher  order  aodes. 


F  I  The  convertion  efficiency 
vs.  frequency 
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Fig. 5  The  convertion  efficiency 
vs,  the  length  of  probe 


MEASUREMENT  OF  LSH?,  -^LSE?,  MODES  CONVERTER 

In  order  to  aeasure  the  output  power  of  LSE  i*  aode  of  the  LSN  *• -LSE  m  node 

converter/  it  is  necessary  to  re-converted  the  LSE  i*  wode  into  LSNS  ■ode  tc 

couple  it  into  a  rectangle  aetal  waveguide  (3].  This  kind  of  neasurenent  nethod  is 
shown  in  Fig. 6.  The  aeasured  insertion  loss  of  the  converter  is  shown  in  Fig.  7. 


Fig.  fi  Meastirenent  nethod  Fig. 7  The  insertion  loss  of 

of  LSE  }}  node  LSM-LSE  nodes  converter 


In  addition/  wp  can  adopt  nulti-netai  prohes  to  inprove  the  convertion  efficiency. 
The  distance  between  two  aeta'  probes  should  be  the  tines  of  the  wavelength  of  the 
LSE  *1  node. 

CONCLUSION 

A  kind  of  LSE  node  exciter  in  NRD  guide  has  been  analysed,  and  the  LSM-LSE 
node  converter  of  NRD  guide  has  been  designed  and  fabricated.  It  was  found  that 
the  characteristic  of  insertion  loss  and  bandwidth  of  the  converter  are  quite 
good.  It  can  be  applied  to  the  NRD  guide  balanced  aixers  and  the  front  ends  to 
improve  the  performance  of  the  circuits. 
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ABSTRACT 

Broadband  Snni-waTe  balanced  mixer  has  been  developed  in  waveguide,  finline, 
microstripline  and  packaged  Si-diodes.  A  noise  figure  (D6B)  of  less  than 
7dB  was  achieved  over  the  4(jHz  (from  4  to  8GHz)  instantaneous  IF  frequency 
band  with  the  RF  swept  from  34  to  38GHz  and  the  LO  at  30GHz.  Simi lar 
results  were  obtained  with  another  mixer  when  the  RF  was  swept  from  30  to 
34GHz  and  the  LO  at  38GHz.  The  mixers  utilize  native  devices  and  materials. 
The  performance  of  the  mixers  is  stable  and  reliable. 

INTRODUCTICK 

In  parallel  with  the  development  of  mil  lime  terwave  radar  weapon  and 
CQumunication  systems,  a  need  for  millimeter-wave  surveillance  receivers 
have  been  increasing.  In  order  to  meet  this  requirement,  a  mixer  with 
broadband  coverage  must  be  developed  This  requires  broadband  width 
capabilities  at  both  RF  and  IF  bands.  Consequently,  high  performance  mixer 
diodes,  wide  instantaneous  bandwidth  mixer  circuits  and  low  noise  IF 

amplifiers  arc  needed  Mixer  noise 
figure  is  a  strong  function  of 
the  quality  of  the  diodes  and  its 
assaciated  parasitic  elements.  In 
order  to  ensure  satisfactory 
performance,  the  two  diodes  must 
be  very  closely  matched  Recently, 
the  mixer  with  the  full  waveguide 
band  from  26.  5  to  40GHz  had  been 
developed  using  GaAs  beam  lead 
Schottky  barrier  diodes.  However, 
the  development  of  the  broadband 
mixers  using  native  packaged  Si- 
diodes  and  materials  was  needed 
in  practical  applications. 

This  paper  describes  the  design  and  performance  of  a  broadband  balanced 
mixer  using  packaged  diodes  at  millimeter-wave  frequencies.  Specifically 
covered  are  c . ode  characteristics.  circuit  design  considerations,  and 
performance  measurements.  A  design  was  selected  that  utilizes  two 


Fig.  1  Integrated  circuit  of  the  mixer 
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orthogonal  transmission  lines.  The  RF  input  uses  a  tfaregnide  to  finline 
transition  and  the  10  is  transitioned  frcm  wavegnide  to  microstr ipline. 
The  IF  signal  is  extracted  by  means  of  a  Chebyshev  low  pass  filter 
designed  in  microstripline.  The  packaged  diode  pair  is  conveniently 
mounted  at  the  junction  of  the  finline  and  the  microstr  ipline. 
Fig.  1  shows  the  layout  of  the  integrated  circuit  for  the  mixer.  Integrated 
circuit  technologies  provied  the  advantages  of  low  cost,  light  weight  and 
small  size. 


DESI(S4  CaNSIDERATlGNS 

The  RF  input  port  is  required  to  provied  wider  bandwidth,  lessref lection 
and  matching.  A  waveguide  to  finline  transition  was  selected.  Waveguide- 
finline  transition  yields  a  wideband  balanced  line  transformer  which  is 
terminated  by  a  matched  diode  pair.  To  achieve  good  RF  matching,  a 
exponential  taper  finline  transition  was  incorporated  into  the  design.  The 
gap  size  between  the  tapered  finlinees  is  varied  to  achieve  the  optimun 
impedance  match  to  the  mixer  diodes.  A  length  of  the  tapered  finline  is 
1.  6-2^g  at  the  center  frequency  of  the  RF.  The  finline  ended- impedance  was 
chosen  to  be  150-170ohms  which  is  consistent  with  two  diodes  in  series. 
The  converting  diodes  are  mounted  as  close  to  the  RF  port  as  possible  so 
as  to  minimize  path  losses  which  add  directly  to  noise  figure. 

The  LO  input  is  injected  into  the  diode  pair  using  a  single-  ended 
transmission  line.  The  waveguide  to  microstripline  transition  uses  two 
overlapping  sine-exponential  tapers  by  way  of  two-sided  substrate  etching. 
The  circuit  provides  a  simple  technique  for  converting  to  the  microstrip 
propagation  mode  and  is  very  broadband.  The  diodes  are  in  parallel  with 
respect  to  the  LO  signal.  The  problem  here  is  to  provied  a  good  LO  return 
so  that  the  diodes  are  well  matched.  This  is  accomplisfaed  by  adding  open 
shut  stubs  at  on  the  balanced  input  side.  The  lengths  of  the  stubs  may  be 
trimmed  to  optimize  the  LO  match.  In  addition  the  LO  is  also  matched  to  the 
diodes  by  matching  sections  between  the  filter  and  the  diodes. 

In  the  designed  finline  balanced  mixer,  good  isolation  between  the  LO  and 
RF  port  is  achieved  because  the  electric  fields  of  the  finline  and 
microstr  ip  1  ine  are  perpendicular  to  eacn  other.  More  than  20dfi  isolation 
was  observed  between  the  LO  and  RF. 

The  design  of  the  IF  network  matching  circuit  is  very  important.  The 
diodes  are  in  parallel  with  respect  to  the  IF  circuit.  The  IF  frequency  is 
extracted  via  a  five-section  low  -pass  filter  designed  in  microstripline. 
The  low-pass  filter  is  required  to  passvthe  IF  frequency  and  reject  the 
LO  and  RF  signals.  Distributed  lines  were  used  to  approximate  lumped 
elements.  First  element  of  the  filter  is  high  impedance  line  (HOohms) . 
This  filter  has  a  nominal  passband  from  dc  to  lOGHz  and  cutoff  frequency 
is  chosen  to  provide  attenuation  greater  than  20dB  at  the  RF  and  LO 
frequencies.  The  location  of  the  filter  was  designed  as  possible  as  far 
from  the  diodes. 

MEASUREMENT  RESULTS 
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The  noise  figure  of  the  mixer  was  measnred  for  BF  coverage  from  84  to 
38(3Iz  at  a  fixed  LO  of  30GHz.  LO  drive  was  +l3dBiL  The  IF  band  nas 
evaluated  from  4  to  8  GHz.  Measured  results  are  presented  in  Figure  2(a). 
The  noise  figures  of  the  mixer  ranged  from  3.  6dB  to  6.  6dB  over  the  4(liz  IF 
bandwidth.  Also  shown  are  the  noise  figures  of  another  mixer  in  Fig.  2(b). 
The  LO  drive  of  this  mixer  was  -«-13dBD  with  LO  frequency  at  88  GHz,  while 
the  RF  signal  was  swept  from  30  to  S4QXs. 


(a)  LO  St  SOCBs  OA  m  st  88QBi 

Fig.  2  Noise  figure  of  the  mixers 
CONCLUSION 

The  mixer  described  in  this  paper  demonstrated  that  using  packaged  diodes 
and  planar  technology  can  also  achieve  wider  bandwidth  at  the  RF  and  IF 
port.  A  few  key  technologies  are  the  designs  and  the  fabrications  of  the 
waveguide-f inline  transition  and  the  waveguide-microatripline  transition. 
Although  the  specifications  of  the  mixer  are  not  as  good  as  those  usually 
obtained  in  mixer  utilized  GaAs  beam  lead  Schottky  barrier  diodes. 
However,  a  major  result  of  the  mixer  development  is  that  cost  savings  are 
incurred  by  using  native  devices  and  materials  so  that  it  is  available. The 
mixer  has  been  applied  in  millimeter-  wave  surveillance  receivers. 
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Abstract 

A  set  of  harmonic  mixers  is  designed  for  use  with  mm-wave 
radio  measuring  equipment.  Four  types  of  waveguide  mixers 
cover  frequency  range  from  26  to  120  GHz.  The  mixer  of  coaxial 
type  covers  frequency  range  0-40  GHz. 

Introduction 

Harmonic  mixers  of  ant iparral lei -pair  diode  configuration 
are  usually  used  for  downconverting  signal  frequency  of 
mm-wave  band  Cll.  In  design  process  of  mm-wave  harmonic  mixers 
the  sampling  technique  of  frequency  conversion  and  thin-film 
hybrid  technology  are  used.  All  this,  along  with  the 
development  of  a  monolithic  GaAs  pair  of  mixing  diodes  with 
low  parasitics  and  a  step  recovery  diode  (SRD)  with  extremely 
short  transition  time  (less  25  ps)  allowed  to  have: 

-  conparatively  low  conversion  loss  (30-35  dB,  up  to  78 
GHz  and  50-55  d£,  up  to  120  (BHz,  for  a  large  number  of 
LO  harmonic  measurements  (20  and  more); 

-  high  isolation  of  mixer  LO  and  signal  inputs  (40-50  dB); 

-  low  sensitivity  of  conversion  loss  to  LO  power  level 
variation; 

-  low  phase  noise  level. 

Design 

Harmonic  waveguide  mixer  design,  based  on  a  sampler  [21, 
IS  shown  in  Fig.  1  and  includes:  a  mixing  assembly,  a  gate 
pulse  shaping  circuit  (or  LO  harmonic  generating  circuit) , 
broadband  waveguide-microstrip  transition  and  output  signal 
generating  circuit. 

Key  problems  in  designing  a  wideband  sampling  converter 
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are  connected  vfith  input  signal  path  matching  and  with 
providing  a  uniform  gate  pulse  harmonic  spectrum  in  operating 
frequency  range.  Besides^  in  mm- wave  range  the  elimination  of 
parasitic  emission,  caused  by  circuit  components  with  sizes  of 
wavelenth  order,  is  of  great  inportance. 

Taking  all  this  into  account,  the  input  signal  path  is 
formed  by  a  wideband  waveguide- mi crostr ip  transition  made  as  a 
seven-step  Chebyshev  transformer  from  rectangular  waveguide 
section  to  the  Il-form  section,  and  also  by  50  Ohm  microstrip 
line,  made  for  loss  minimization  thin  (0.3  mm)  quartz 
substrate. 

Mixing  node  base  is  a  monolithic  diode  pair,  practically 
non  inductively  connected  to  the  coirtoination  of  slot  and 
micrcstnp  lines  not  coupled  with  each  other.  GaAs  beam  lead 
diode  pair  [31  has  two  seriesly  connected  stripline  Schottky 
barriers  lxl2y«m,  thoroughly  matched  in  electric  and  geometric 
parameters.  Surface  bridging  of  stripline  barrier  provides 
better  isolation  between  the  diodes. 

Diode  parameters  are  given  in  Fig.  1.  Direct  voltage  drop 
of  the  diodes  differs  in  3%  (I  -  1  mA).  Short  gate  pulses 
formed  by  a  slotline  cavity  are  ^plied  to  the  diodes  through 
the  storage  capacitors.  The  pulses  periodically  open  the 
diodes  for  a  short  period  of  time  with  LO  frequency. 

To  cover  the  frequency  range  up  to  120  ®z  it  is 
necessary  to  generate  a  gate  puls  of  not  more  than  5  ps 
duration  with  effective  voltage  amplitude  at  0.  3-0.  5  V  diode. 
For  this  reason  a  special  small-size  Si  SRD,  made  by  bipolar 
technology  with  active  mesa- structure  forming  at  a  copper 
heat-sinker,  was  constructed.  Mesa- structure  diameter 15^  m 
provides  small  parasitic  cavity  Cq'^O.  15  pF.  Vacuum  submicron 
epitaxy  provides  high  quality  semiconductor  structure  with 
thin  base  and  sharp  p-n  junction.  This  structure  defines  SRD 
specifications;  transition  time  <  25  ps,  breakdown  voltage  > 
10  V,  effective  minority  carrier  lifetime  0. 5  ns,  series 
resistance  -^-l.S  Ohm.  To  minimize  the  required  LO  power  (to 
lOO  mW  and  less)  and  to  provide  wide  and  uniform  frequency 
band  at  LO  input  (1  -  12  GHz)  and  IF  output  up  to  1  (aHz, 
slotline  parameters  (1,V)  are  optimized,  value  of  C  is 
selected  about  0.5-1  pF,  storage  capacitors  0.5  pF. 
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Large  value  (40  -  50  dB)  of  signal  -  local  oscillator 
(RF-LO)  inputs  isolation  is  provided  by  mixer  construction- 
field  orthogoncility  in  slotline  and  waveguide,  and  also  by 
high  identity  of  mixer  diode  parameters. 

The  mixers  are  mounted  in  miniature  packages.  Coaxial 
connectors  of  SMA(f)  type  are  used  for  LO  and  IF  tracts. 
Cross-sections  of  26-118  GHz  waveguide  channals  meet  the 
requirements,  adopted  in  Russia.  Several  types  of 
cross- sect ions  are  developed  to  meet  the  international 
standard  (WR-28,  V/R-22,  WR-19,  WR-15,  WR-10).  Besides,  models 

of  one-  and  two-channel  harmonic  mixers  with  coaxial 
connectors  of  OS-50  type  in  0-40  GHz  frequency  range  are 
developed. 

Ei^riawital  results 

Typical  characteristics  of  coaxial  and  waveguide  mixers, 
and  conditions  of  their  measurement  at  25®  C  are  given  in 
Fig.  2,  3. 

The  mixers  keep  high-level  parameters  under  severe 
service  conditions:  within  tamperature  range  from  -40®C  up  to 
+70®C,  relative  humidity  98%.  Maximum  input  power  of  RF  signal 
is  not  less  than  10  mW,  and  of  LO  signal  -  200  mW. 

CcwKSlusicn 

The  abovementioned  harmonic  mixers  are  successfully  used 
in  frequency  stabilization  and  synchronization  systems, 
designed  for  mm-wave  frequency  synthesizers  C41,  and  are  used 
nowdays  for  aeveiopmeni.  of  state- of- une- art  oscilloscopes, 
frequency  counters,  network  analyzers,  etc. 
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It  is  well  known  that  super  high  frequency  (SH?)  waves 
whose  amplitude  exceeds  the  value  of  plasma  field  E^^  (EdI  ss 
10”  •l■IO*"•''V/cm  for  the  temperature  of  external  thermostat  Tq  » 

=  4.2  K,  Epi  oi  I0‘-  10  V/cm  for  Tq  =  77K  300  K)  can  heat 

electron  gas:  electron  temperature  Tg  becomes  more  than  To[l,2j. 
Hereat  if  the  volume  and  surface  thermal  conductivity  are  gre¬ 
at  enough  the  temperature  of  crystal  lattice  Tp  is  equal  to  To* 
This  is  the  situation  when  a  volume  thermostat  is  available^KlJ. 
Due  to  the  attenuation  of  SHF-waves  a  gradient  of  Tg  arises  and 
appropriate  thermo-e .m.f .  7f  occurs. 

In  the  absence  of  external  constant  magnetic  field  H  the  7/j 
mentioned  arises  in  the  direction  of  wave  propagation  ?  (  k  is 
a  wave  vector  )  [^2j  .  If  magnetic  field  H  is  available  and  Hlk 
additional  thermo-e .m.f .  arises  in  the  direction  which  is 

Xll 

perpen ’icular  to  K  and  ^  [  3  ]  (Fig.  I).  This  is  a  hot  electron 
Zfemst-Ettingshausen  effect  ^3  J  .  The  latter  used  to  be  as  a 
basis  for  millimeter  detector  [ 3 j .  Such  operating  devices 
have  volt-watt  sensitivity  ^  where  ?  is  power  of 

falling  radiation,  =  500  V/W  for  lO^^-^-  10^^  Hz  range  [  3 J . 

Here  in  this  paper  different  physical  phenomena  and  proper 
modifications  of  the  devices  are  suggested  with  the  purpose  of 
increase  in  detector  sensitivity  ^  .  It  is  sho’.m  that  each 

of  proposed  physical  reasons  may  result  in  the  increase  in  sen¬ 
sitivity  of  semiconductor  detector. 

I.  Lattice  heating. 

A  propagation  of  SllP-waves  i:  massive  semiconductors  with 
bounded  thermal  conductivity  may  be  accompa.aied  bg  lattice 
heating;  Tp  >  T^  (pig. 2).  In  this  case  due  to  the  fact  that 

^ ^TH  ^  turn  where  a  T  is  a  temperature  di¬ 

fference  between  receiving  and  dark  faces  of  the  sample,  the 
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increase  in  A  T  leads  to  the  increase  in  J 

2.  ?orm  effect. 

If  the  sensitive  element  has  a  tapered  form  and  a  receiving 
sample  face  is  a  wide  face  and  dark  (narrow)  end  is  cooling  up 
to  the  ToCaee  Pig.  1,2),  the  temperature  difference  A  T  as  well 
as  sensitivity  ^  increase  in  comparison  with  a  rectangular 
sensitive  element  [4]. 

3.  Electron-phonon  thermodrag. 

As  it  was  shown  in  this  cause  at  certain  conditions  can 
increase  grad  Te.  For  this  reason  selecting  high  purity  semicaa- 
ductor  elements  containing  large  cross  thermoconductivity  one 
can  achieve  the  increase  in  AT  and  ^  . 

Comparative  characteristics  of  the  parameters  of  various 
devices  containing  semiconductor  sensitive  elements  made  of 
InSh,  GaAs,  Si  and  Ge  are  adduced.  Strict  calculations  show  that 
simultaneous  presence  of  these  three  factors  allow  to  increase 
really  at  least  by  an  order  of  magnitude  greater. 
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We  repon  on  the  design,  &biication  and  performance  of  an  infrared  detector  which  consists 
of  a  thin-film  metai-metaloxide-metal  (MOM)  diode  integrated  with  a  micio^p  antenna. 
This  antenna-coupled  diode  is  used  for  the  detection  of  cw  10  jtm  CO2-  laser  radiation. 

Since  the  late  sixties  point-contact  MOM -diodes  with  a  response  time  shorter  than  lO'!**  s 
have  been  the  fastest  available  detectors  1  and  mixers2  of  infrared  laser  radiation. 
Nevertheless,  their  use  was  hitherto  restricted  to  laboratory  applications.  One  of  their  major 
disadvantages  is  the  low  mechanical  stability  of  the  point-contact  MOM-diode.  In  addition, 
the  sensitivity  and  the  response  time  of  the  MOM-diode,  which  strongly  depend  on  the  size  of 
the  contact  area  and  the  thickness  of  the  ractaloxide  layer,  vary  as  a  result  of  the  inherent 
difficulties  in  the  fabrication  process  and  consequently  1^  to  nonidentical  devices. 

Present  microlithography  techniques  enable  the  fabrication  of  microstructures  with  a 
minimum  linewidth  of  less  than  0. 1  pm.  This  permits  the  production  of  shock-proof,  well- 
defined  thin-fibn  MOM  diodes  with  response  times  comparable  to  that  of  the  point-contact 
configuration. 

Our  thin-fibn  Ni-NiO-Ni  microstructures  are  fabricated  with  the  aid  of  electron-beam 
lithography  in  cooperation  with  the  Centre  Suisse  d'Electionique  et  de  Microtechnique 
(CSEM)  Neuchatel.  The  thickness  of  the  Ni  films  is  0.22  pm,  that  of  the  NiO  approximately 
5  run.  The  layers  are  deposited  by  plasma  sputtering  and  a  conventional  lift-off  process.  Our 
MOM-diodes  with  a  contact  area  of  0.25  pm  *  0.25  pm  (Fig.l)  are  the  smallest  compared  to 
those  investigated  by  other  authors^-?.  Furthermore,  they  are  as  small  as  the  edge-MOM's^ 
fabricated  in  a  more  complicated  process. 

Each  MOM  diode  is  integrated  with  a  microstrip  dipole  antenna  which  collects  the  energy  of 
the  incident  ir  radiation  field.  Subsequently,  it  applies  the  cobected  energy  in  form  of  an  ir- 
frequency  ac  voltage  to  the  MOM  diode.  This'^ype  of  a  ihin-film  antenna  works  less  efficient 
than  e.g.  the  whisker  of  a  pomt-contact  MOM  diode  because  the  microstrip  lies  on  a  dielectric 
substrate  whilst  the  whisker  is  embedded  in  air.  In  our  case  the  substrate  consists  of  370  pm 
Si  covered  with  a  thin  bisulating  layer  of  Si02.  The  antenna  with  the  MOM  contact  at  its 

center  is  formed  by  two  metal  strips,  which  are  0.25  pm  wide  and  between  5.4  pm  and  22  pm 
long  (Fig.2)  .  In  order  to  improve  the  efficiency  of  the  thin-fibn  antenna,  the  substrate  is 
etched  to  reduce  the  thickness  to  3  pm.  While  integrated-circuit  antennas  are  well  established 
in  the  mm-wave  region9  and  prototypes  have  been  developed  for  the  submillimeter  range  10, 

there  have  been  no  such  antennas  for  ir  radiation  with  a  wavelength  of  10  pm  up  to  the 
present. 
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We  investigated  the  perfonnance  of  our  MOM-diodes  with  respect  to  laser  power,  bids 
voltage,  chopper  frequency,  temperature,  polarisation  of  the  incident  laser  radiation,  contaa 
area,  substrate  thickness  and  different  antenna  designs. 

As  reported  previously  H  the  recorded  voltage  consists  of  a  polarisation-independent  part  and 
a  polarisation-dependent  part  which  exhibits  a  cos20-  dependence  for  a  variation  of  the  angle 
0  between  the  plane  of  polarisation  of  the  linearly  polarized  laser-light  and  the  antenna  axis. 
This  observation  agrees  well  w’'’i  theoryi2  which  predicts  that  the  rectified  dc  part  of  the 
laser-induced  ac  voltage  is  proportional  to  the  square  of  the  component  of  the  laser  field 
parallel  to  the  antenna.  Moreover,  this  result  is  in  accordance  with  the  measurements 
performed  with  point-contact  diodes  wWch  also  demonstrated  that  the  response  of  the  diode  is 
mainly  due  to  the  component  of  the  laser  field  parallel  to  the  whisker2.J3. 

Our  first  experiments  performed  with  MOM  diodes  of  three  different  anteruia  lengths 
(5.4  pm,  16  pm.  22  pm)  revealed  that  the  polarisation-independent  part  exhibits  no  significant 
change  with  antettna  length  whilst  the  polarisation-dependent  part  increases  for  shoner 
antennas.  This  property  can  be  explained  by  damping  of  the  laser-induced  antenna  currents  in 
this  frequency  range*4.l5.i6. 

Measurements  with  respect  to  the  size  of  the  contact  area,  which  determines  the  RC  time 
constant  of  the  device,  showed  that  the  polarisation-dependent  part  of  the  signal  nearly 
disappears  for  a  contact  size  larger  than  1  pm2.  MOM-diodes  with  a  contact  area  of  this  size 
are  obviously  too  slow  to  rectify  the  ir-ffequency  voltage  >applied  by  the  antenna. 

If  the  MOM-diodes  are  cooled,  either  by  liquid  nitroge:;  or  increasing  the  chopper  frequency, 
we  observe  for  some  of  them  a  decrease  of  the  polansation-independent  part  of  I'r.e  signal 
while  the  polarisation-related  part  remained  unchanged. 

From  all  these  data  we  conclude  that  the  polarisation-dependent  part  of  the  MOM  diode's 
response  is  due  to  antenna  coupling.  Part  of  the  polarisation-independent  signal  is  caused  by 
thermal  heating.  In  order  to  verify  that  this  thermal  component  of  the  signal  is  not  related  to 
the  polarisation  we  have  measured  the  absorption  of  a  pure  Si-wafer  and  a  SiOi  coated  wafer 

for  the  10  jam  C02-laser  radiation.  These  e.xperiments  demonstrated  that  the  heating  is  mainly 
caused  by  absorption  of  the  radiation  in  the  Si02  layer.  Since  the  area  of  the  laser  spot  on  the 
surface  of  the  Si  chip  is  large  compared  to  the  dimensions  of  the  MOM  diode  and  antenna, 
this  region  is  heated  isotropically  and,  therefore,  the  thermal  fraction  of  the  voltage  does  not 
depend  on  the  polarisation  of  the  laser  radiation. 

In  order  to  improve  the  antenna  coupling  we  are  actually  fabricating  antennas  which  are 
shoner  than  5.4  pm.  In  the  future  we  intend  to  use  the  diodes  for  mixing  in  the  infrared. 
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Figure  1 :  Ni-NiO-Nj  diode  with  a  contact  area  of  0.25  ftm  *  0.25  fim 


Figure  2:  Thin-film  dipole  antenna  with  electrical  leads 
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A  HOVEL  ROOH  TEHPERATURE  OFERXTED  FAST-RESPQHSE 
FIR  DETECTOR 

A.P.Omitriev,  S.A.EowlyAnov*) ,  S.V.lvanov, 
P.S.Kop’ev,  Ya. V.Ter«nt*«v,  l.D. Yaroshetsky 

A.F. Ioffe  Institute,  194021,  St. Petersburg,  Russia 


A  novel  rooe  teoperature  operated  iast'retpoRu  FIR  detKtor  hai  been 
proposed.  The  detection  idea  is  based  on  the  effect  recently  discovered  of 
fast-response  pbotocurrent  origination  ondcr  tbe  FIR  ncitation  /!/.  Tbc 
sensitivity  of  the  detector  has  been  found  for  tm  typical  FIR  navclengths 
together  nith  the  linearity  range.  The  detector  response  tine  has  been 
cstisated.  The  nays  to  ieprove  the  detKtor  paraneters  are  discussed. 


In  present  paper  mb  propose  to  apply  for  the  FIR  light  detection  the 
recently  discovered  effect  of  fast-response  current  origination  in 
seal conductor  20-structures  under  the  FIR  excitation. 

1.  The  GaSb/InAs/GaSb  single  quantum  well  structure  grown  by  NBE  on 
semi  insulated  GaAs  substrate  in  100  direction  has  been  used  as  a  detector 
active  element.  The  thickness  of  the  GaSb  buffer  layer,  the  InAs  quantum 
well,  and  the  GaSb  cap  layer  were  1000  nm,  20  nm,  and  20  nm,  respectively 

1.1-10^^  cm'^  an^=  3-10^  cm^  /(V-s)  at  T  =  77  K  ).  The  samples  were  5  m® 
in  lenght  and  3  mm  in  widht.  The  aeasurments  were  performed  on  NH,  and  ^ 
pulsed  FIR  lasers  optically  pumped  by  CQ^  laser.  The  wavelenght  of  the 
former  ^  »  90.6yHm,  pulse  duration  40  ns,  maximum  intensity  on  the  sample 
Imo»  =  8  kW/cm*.  The  wavelenght  of  the  latter  ^  =  333 ^m,  pulse  duration  BO  ns, 
maximum  intensity  =  250  W/cm*  (  for  more  details  of  our  laser  system  see 
/2/>.  The  laser  pulse  structure  allowed  us  to  measure  detector  response  time 
with  the  accuracy  better  than  10  ns.  For  comparison,  the  laser  pulse  was 
also  recorded  by  photon-drag  detector  /3/.  The  sample  was  placed  between  the 
poles  of  a  constant  magnet  at  T  =  300  K  so  that  the  magnetic  field  was 
parallel  to  the  sample  surface.  The  FIR  light  was  normal  to  the  surface.  The 
photocurrent  duplicated  laser  pulse  structure  and  flowed  along  the  2D  layer 
perpendicular  to  the  magnetic  field  was  recorded. 

Figs.  1  and  2  show  the  cm-rent  density  into  the  well  vs  magnetic  field 
for  both  wavelenghts  at  1  =  <  a  and  b  show  two  opposit  signes  of  the 
magnetic  field  ).  The  current  are  seen  to  be  approximately  proportional  to  the 
magnetic  field  .  At  B  =  2  T  it  reaches  the  value  of  200  A/cm’  on  ^  =  90.6  vm 
and  100  A/cm’  on  ^  =  3S5  xm*'). 

Fig. 3  shows  the  current  density  ^s  FIR  light  intensity  for  both 
wavelenghts  at  B  =  1.6  T.  It  is  seen,  that  the  current  is  linear  on  B  up  to 
80  W/cm^  on  ^  =  3S5 and  up  to  3  kW/cm*  on  .A  =  90.6j>im.  Also,  the  current 
decreases  rapidly  with  Increasing  FIR  radiation  frequency. 

2.  Vie  advance  the  following  physical  model  of  the  detection.  As  a  rule, 
in  GaSb/InAs/GaSb  single  quantum  well  structures  there  is  a  strong  built-in 
electric  field  <  up  to  100  kV/cm  )  inside  the  well.  In  particular,  this  field 


•1  Contact  author 

••)The  current  density  at  T  =  4.2  K  is  two  order  higher  than  that  at 

T  =  300  K  but  here  the  current  is  not  linear  even  at  relatively  low  I 
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•ay  b*  du»  to  the  difference  between  the  nunber  of  the  donors  on  the 
interfaces  /4/.  In  our  structure  the  existence  of  this  field  was  shown 
experimentally  /5/.  In  such  a  system  there  is  a  so-called  "loop  of  extrema" 

~  ~  »  “here  ^  -  spin-orbit 


coupling  constant  (fig.Aa). 

If  we  apply  an  external  magnetic  field  along  the  sample  surface  t  OX 
direction  >  the  electron  gas  become  strongly  asymmetrical  in  OY  direction  of 

.i  s 

k-spacBsf  +  .  Of  course,  in  the  velocity  space  the  energy 


spectrum  remain  symmetrical 


(v.=  l 
r, 


% 


).  The  FIR  light  induces  the  optical 


transitions  between  two  spin  subbands.  Probability  of  such  transition  is 
not  too  small  owing  to  the  linear  on  k  term  in  Hamiltonian.  In  k-space  the 

transitions  are  vertical  but  in  v-space  they  are  tilted.  The^  strong 
difference  between  the  populations  of  the  initial  states  1  and  1  due  to 
the  spectrum  asymmetry  gives  rise  to  the  photocurrent.  The  photocurrent 
increases  with  increasing  8  because  of  increasing  of  the  state  1  population. 
Since  in  our  structure  dj  =  20  nm  the  Fermi  level  is  lied  close  to  the 

second  quantum-size  le/el  /6/  so  the  transitions  within  this  level  are 

supposed  to  be  responsible  for  the  photocurrent. 

Thus,  the  basic  idea  of  the  detection  i=  a  high  asymmetry  in  k-space 
of  the  electron  gas  induced  by  relatively  low  magnetic  field  and, 

consequently,  high  asymmetry  of  the  optical  transitions  in  compair  -i^ith  the 
known  high-speed  effects  <  photon-drag  etc.  ).  For  example,  fig  4b  shows  the 
optical  transitions  on  ^  =  385  at  8  =  4.6  T  calculated  using  the 

parameters  of  our  structure.  The  optical  transition  initial  states  1  and  1 

are  seen  to  be  shifted  from  each  other  on  the  energy  scale  on  the  value  of 

the  orde,*  of  10  meV. 

3.  If  we  use  the  above  structure  as  a  detector  it  yields  the  following 
parameters.  In  linear  regime  the  sensitivity  on  the  50il  load  (  sample 
resistence  200  Xi  )  is  20  and  0.2  <  mV-cm^  )/<T-kW)  for  ^  ®  385jv.m  and  ^  » 
?0.6^ro,  respectively.  The  linearity  range  is  up  to  80  W/cm*  and  3  kW/cm^  , 
respectively.  The  response  time  is  better  than  10  ns. 

Of  course,  the  above  parameters  ran  be  considerably  improved.  For 
instance,  one  can  modify  the  parameters  of  the  GaSb/InAs/GaSb  structure  or 

utilize  the  structures  based  on  the  other  narrow  gap  materials.  Also,  it 

may  be  promising  to  use  the  multiple  quantum  well  structures  or 
superlattices.  Finally,  it  is  possible  to  design  a  matrix  detector 
CO  record  the  space  distribution  of  the  laser  beam  intensit,. 
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Mm-wave  InP  beam-lead  Sohottky  diodes 

V.G. Bozhkov,  O.Yu.Malakhovsky,  T.N.Korablyova,  G.N.Miseviohiis 
(Research  Institute  of  Semioonduotor  Devices ,  Tomsk,  Russia,) 

The  main  advantage  of  In?  Schottky  barrier  diodes  (SBD)  as 
compared  to  GaAs  ones  is  a  lower  barrier  height.  It  allows  us  to 
hope,  that  these  diodes  are  capable  to  work  at  lower  heterodyne 
power,  when  being  xised  as  mixer  ones  and  without  bias  when  being  used 
in  detector  circuits.  Recent  attempts  to  realise  this  advantage  of 
InP  SDB  are  described  in  papers  [1,2].  The  results  obtained 
demonstrate  electrical  (microwave)  parameters  of  SBD  are  high  enough 
to  confirm  investigators'  expectations.  At  the  same  time  there  are 
still  problems  related  to  material,  technology  and  diodes'  design, 
which  require  solution.  In  particvj.ar,  Au  and  Au-Ni  are  used  as 
Schottky  barrier  metallization  in  [1,2],  but  their  reliability  is  not 
high  enough  for  practical  applications.  Properties  of  semi- insulating 
InP,  used  as  substrate  material  in  [1 ]  are  considerably  worse  than 
those  of  serai- insiilating  GaAs.  The  honey-comb  design  of  InP  SBD  using 
high  doped  substrate  [2]  is  inconvenient  for  promising 

hybrid- integrated  and  monolithic  circuits  in  mm-wave  range. 

The  attempts  to  fabricate  the  In?  SBD  with  low  ’  barrier  height 
were  being  carried  out  in  otir  laboratory  during  last  period  of  time. 
The  great  progress  in  improving  the  stability  and  reproduceability  of 
diodes'  parameters  was  reached  when  sufficiently  perfect  epitaxial 
layers  of  InP  on  semi- insula  ting  and  high-doped  GaAs  substrates  were 
grown  and  used. 

In  this  paper  the  results  of  fabrication  and  examination  of  InP 
SBDs,  using  GaAs  substrate  material  are  presented-  Two  types  of 

diodes  were  fabricated.  The  first  type  diodes,  using  high-doped 

substrate  material,  were  mounted  in  small-size  metal-ceramic  cases 
(diameter  0.6  mm).  The  second  type  diodes,  using  semi-insiU.ating 
substrate  material,  were  fabricated  as  beam-lead  diodes.  It  schoud  be 
said  that  IP-  and  HP  -  parameters  of  these  two  types  of  diodes  are 
quite  similar.  So  in  the  following  we  are  limit  ourselves  by 

discussing  of  the  results  for  beam-lead  diodes,  as  being  of  greatest 
interest  for  the  fabrication  of  hybrid- integrated  and  monolithic 
circuits. 

The  parameters  of  semiconductor  material  used  are  the  fo^llowlng: 
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the  thioknees  and  the  impurity  concentration  for  high-doped  n‘*’-InP 
layer  are  1-2  um  and  10^^  om”^, respectively;  analogous  values  for  n  - 
InP  layer  are  0.15-0.3  um  and  3*10^ ^-10^*^  om”^.  Transition  layer  of 
variable  composition  (InGaAsP)  was  grown  between  semi-insxilating  GaAs 
substrate  and  n'''-InP  layer.  All  layers  are  VPE-grown. 

The  BLD  fabrication  process  inolu  .s  the  Si02  layer  deposition 
on  InP.  The  layer  thickness  is  0.5  the  deposition  method  is 

pirolithioal  oxidation  at  T=250  C.  The  windows  with  a  3  um  diameter 
are  opened  by  photolitographio  techniques.  Schottky  barriers  are 
formed  by  galvanic  deposition  of  two-layer  metallization  Rh-Pt  into 
windows  with  following  thermal  evaporation  of  Ti  and  Au  layers.  Beam 
leads  are  formed  by  galvanic  deposition  of  a  6  um  -thick  Au  film. 
Construction  of  so  fabricated  InP  beam-lead  diode  is  ^  similar 
completely  to  that  of  GaAs  commercial  one  of  AA138  type  (fig.1). 

The  I-V  characteristics  of  such  BLD  are  quite  perfect: 
n  (ideality  factor)  <  1.2,  Rg=10-25  Ohm,  Vp(Ij,=10  uA)  >  3V.  The 

barrier  height  according  to  our  estimations  is  0.4-0.45  V.  The 
parasitic  (constructive)  capacitance  of  the  diode  was  decreased  to 
values  of  0.01  -  0.015  pF  by  etching  of  surface  (air)  channel  between 
anode  contact  finger  and  underlying  substrate. 

Such  diodes  quite  successfully  operate  as  mixer  ones  and  really 
require  less  heterodyne  power  (as  compared  to  GaAs  diodes)  for 
reaching  optimum  values  of  conversion  loss.  Results  for  8-  and  3-  mm- 
wave  regions  are  demonstrated  in  fig. 2.  But  their  sensitivity  as 
detector  diodes  operating  without  bias  (zero-bias  detectors)  is 
rather  low.  After  some  investigations  with  thermal  treatments  and 
variation  of  diode  material  parameters  we  achieved  rather  stable  and 
reproducible  reduction  of  barrier  height.  The  I-V  characteristics 
are  shown  in  fig. 3-  There  are  three  types  of  diodes.  They  may  be 
conveniently  characterized  by  the  value  of  forward  voltage  at  the 
current  of  100  uA:  1  -  V^=300  mV  (without  thermal  treatment);  2  - 
200  mV;  3  -  V^=150  mV.  About  the  characteristics  of  first  type  diode 
there  was  told  above.  The  2  and  3  type  diodes,  which  corresponds  to 
different  thermal  treatments,  show  much  -vorse  characteristics  as 
mixer  ones.  The  conversion  loss  increases  to  values  of  9-10  dB, 
apparently  because  of  degradation  of  n  and  Vr  parameters.  But  as 
detector  diodes  they  demonstrate  high  sensitivity  at  low  microwave 
power  levels  (fig.4.).  Preliminary  measurements  of  tangential 
sensitivity  give  values  from  40  to  47  dBmW  at  bandwidth  of 
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videoamplilier  from  1kHz  to  2  MHz. 

Less  inveBtigations  were  carried  out  at  3-inni  wave  region.  The 
2  type  diodes  show  values  of  current  sensitivity  (Bj^)  to  be  >  1  A/W 
at  Rj^=100  Ohm  and  power  levels  from  10  to  1000  uW.  Values  of  are 
situated  in  limits  300-600  V/W  at  R2^=1  kOhm  and  power  levels  from  20 
to  1000  uW.  Note  that  all  measurements  of  microwave  parameters  of 
beam-lead  diodes  were  carried  out  after  mounting  them  in  small-sized 
metal-ceramic  cases,  for  J»hich  optimum  measuring  diode  chambers  were 
designed. 
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2D  BLECTRCN  GAS  AS  A  PAR-IHPHAHED 
AND  lilLLIMETER-WAVB  DETECTOR 

V, A. Pogrebnyak,  D.D.Khalameida,  V.M.rakoTeinko 
Institute  of  Radiophysics  and  Electronics,  Ukrainian 
Academy  of  Sciences,  Kharkov  310085  Ukraine 

In  this  paper  we  present  the  results  of  detector  effect  studies 
in  2D  electron  gas.  The  physical  principle  of  operation  of  the 
detector  is  shown  in  Pig, I.  Par- infrared  or  millimeter-wave  radiation 
falls  on  the  left  side  of  a  two-dimentional  n-type  sample.  Electro¬ 
magnetic  waves  attenuate  exponentially  along  2D  sample.  On  account 
of  wave  attenuation  the  electron  temperature  gradient  V7e  arises 
in  the  gas.  We  consider  such  waves  which  weakly  heat  the  electron 
gas;"le-1^  ,  where  T©  is  electron  temperatiore,  T  lattice  tempe¬ 

rature,  If  we  apply  magnetic  field  H  perpendicular  to  the  elec¬ 
tron  temperature  gradient,  then  the  thermomagnetic  electromotive 
force  V  arises  in  the  direction,  which  is  perpendicular  to  VTe 
and  magnetic  field  H  • 


It  is  the  hot  electron  Nemat  effect  and  accordingly  the  Nemst 
electromotive  force  in  2D  electron  gas.  This  phenomenon  underlies 
also  the  principle  of  operation  of  the  millimeter-wave  bulk  semi¬ 
conductor  detector  .  Theoretical  and  experimental  investigation  of 
this  phenomenon  in  2D  electron  gas  have  been  done  in  the  domain  of 
quantum  magnatic  oscillation  of  V(H)  at  Helium  temperature. 

The  Nemst  field  Ey  can  be  found  from  the  system  of  such 
equations  and  boimdary  conditions 
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i*  —  {5i.K  . 

(I) 

Jx  ,  Vje  -O, 

wiiere  j-  is  the  current  density,  Giic.  is  the  conductivity,  _p)iK 
is  the  thermodifiusion  coefficient.  Prora  the  equations  and  boundary 
conditions  one  can  obtain  expression  for  Nemst  field  Ey 


E,  =-j6  V 


0n  j^i2  -Gia  fin 


where  is  the  differential  liemst  coefficient.  All  kinetic 

coefficients  are  concerned  two-dinensional  gas,  and  they  are  calcu¬ 
lated  on  the  basis  of  quantun  transport  theory  for  2D  systems. 

In  the  case  of  strong  magnetic  field,  ^<2:  ,  we  obtain 


E.  — 


3G”i2. 


-^£.1  WM  vTe  ^  V  =  Ey6, 


where  the  density  of  electron  states  in  two-dimensional 

ca3e,£p;  is  Perml  energy,  W(£f)  is  the  smooth  function,  describing 
quantum  diffusion  of  an  electron  orbit  in  the  transverse  magnetic 
field,  ""he  formula  explains  the  experimental  magnetic  field  depen¬ 
dence  of  photothermomagnetic  voltage  in  2J  gas  at  Helium  temperature, 
shov,n  in  Pig. 2 


I'he  exaeriments  were  cc 


'len  oun 


v.'itn  e-Lsotrcn  gas  v/nicn  as  n 

encisco  3.x  interlace:'  of  cloc.rr.  5  /  1 

isr:  £„is':r  ™,  "inrf,MAi\/  m.,.. 

relarinship  between  tne  cnperi-  f  W  \  I  W  Vw 

mental  data  and  physical  U  \l  \j 

phenomenon  for  the  case  of 
electromagnetic  wave  interaction 

with  2D  electron  gas.  It  is  seen  from  Pig. 2  that  V(H)  has  alternating 
sign  character  in  accor  dance  with  Pq.(3)»  because 

-where  and  A»  I.  Such  behaviour  of  7(H)  permits  to  raise 

the  sensitivity  of  the  detector  device. 

On  the  basis  of  these  studies  it  is  shown  that  2D  electron 
photo unermomagnetic  effect  is  a  very  sensitive  method  of  detection 
of  far- infrared  and  millimeter-'.vave  radiation. 
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NUMERICAL  SIMULATIONS  OF  OPERATIONAL  CHARACTERISTICS  OF  CUSPTRON 
TUBE  WITH  AN  ANTI-COAXIAL-MAGNETRON-TYPE  WAVEGUIDE  CIRCUIT 


XIAOMIN  WANG.  HONG  ZHOU,  and  KANGSHENG  CHEN 
(Institute  of  Electrophysics.  Zhejiang  Uni.  Hangzhou.  China) 


ABSTRACT 

A  new  kind  of  mm-wave  cusptron  tube  with  anti-coaxial-magnetron-type  wall 
structure  is  proposed.  The  dispersion  equation  of  its  RF  circuit  and  the 
coupled  resonant  interaction  equations  of  electrons  with  the  waveguide  mode 
fields  are  derived.  A  numerical  simulation  of  the  non-linear  process  is 
carried  out.  It  is  found  that  in  the  cusptron  tube  proposed  here,  there  may 
exists  a  new  energy  conversion  mechanism  with  higher  efficiency  than  that  of 
conventional  cusptron.  Numerical  results  also  show  that  the  saturation 
efficiency  for  this  mechanism  is  not  sensitive  to  the  applied  dc  magnetic 
field  Bo.  The  saturation  efficiency  as  the  function  of  operation  parameters, 
such  as  Bo  and  V,  and  the  geometry  of  waveguide  circuit  is  numerically 
illustrated.  From  that,  the  optimized  design  parameters  for 
anti-coa-xial-magnetron-type  cusptron  can  be  determined. 

INTRODUCTION 

The  cusptron  tube  is  a  promising  device  for  efficient  operation  at  higher 
cyclotron  harmonic  mode  Cll.  So  far,  it  has  not  been  well  studied  to  operate 
the  device  at  millimeter-wave  band.  The  aim  of  this  paper  is  to  extend  its 
operating  frequency  to  millimeter-wave  range.  Instead  of  scaling  the 
conventional  magnetron-type  cusptron  (CMT  cusptron)  down  to  millimeter- wave 
band  ,  we  propose  here  a  new  kind  of  cusptron  tube  with  slotted  coeucial 
cylindrical  waveguide  circuit,  similar  to  the  anode  blocks  of 
anti-coaxial-magnetron,  and  call  it  as  anti-coaxial-raagnetron-type  cuptron 
(ACMT  cusptron).  Fig.l  shows  the  cross  section  of  the  new  waveguide  circuit, 
which  can  be  divided  into  three  regions.  Radiation  is  produced  in  the  outer 
coaxial  cylindrical  waveguide  region  by  the  negative-mass  instability  at  a 
high  harmonic  of  the  electron  cyclotron  frequency,  using  very  low  applied 
magnetic  field.  The  electromagnetic  power  is  extracted  out  axially  from  the 
inner  cylindrical  waveguide  cavity  which  is  coupled  to  the  N-slotted 
resonator.  Since  the  slots  are  introduced  on  the  outer  surface  of  inner 
conductor,  the  maching  of  this  new  waveguide  circuit  seems  to  be  easy. 

In  this  article  the  non-linear  evolution  of  radiation  fields  of  ACMT 
cusptron  is  studied  by  particle  simulation  approach  12).  The  results  show  that 
there  may  e.xist3  a  new  mechanism  for  energy  conversion  by  which  the  ACMT 
cusptron  can  provide  higher  efficiency  than  CMT  cusptron.  The  functional 
dependence  of  the  saturation  efficiency  n  on  the  operation  parameters,  such  as 
V  and  Bo,  and  the  geometry  of  waveguide  circuit  are  numericedly  illustrated. 
The  results  are  valuable  for  determining  the  optimized  design  parameters  of 
ACMT  cusptron. 

CHARACTERISTIC  EQUATIONS 

The  transverse  wave  number  k  of  the  TE  mode  fields  in  a  N  slots*  coaxial 
waveguide  is  given  by  : 
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where  the  cutoff  condition  kz^O  is  assumed;  FsnitnN;  m  is  the  mode  index;  m=0 
for  2n  mode  and  m=n/2  for  n  mode. 


Jf  (kd) 

Fp(kr)  =  Jp(kr)  -  — Yp(kr)  (2) 

Suppose  only  the  resonant  component  of  the  total  force  is  Included  in  the 
interaction  between  an  axis-encircling  electron  beam  and  the  mode  fields  of  a 
slotted  cylindrical  waveguide,  the  set  of  self-consistent  characteristic 
equations  for  the  resonant  trajectory  of  electrons  can  be  derived  as  : 
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where  No  is  the  resonant  harmonic  number;  «  is  the  eigenfrequency  of  the  empty 
waveguide;  a=kr;  a„  =8in  No#o/CNo5oF„  (ka)l;A«i)  =  <o-NoQ  =  Au^+uiT-T^l/lf, 

and  0=flo/7=eBo/mcy  is  the  relativistic  cyclotron  resonance,  for  No-th 
resonance,  Q=w/No;  ♦  is  the  phase  shift  between  the  electrons  and  the  wave 
fields.  (3)  and  (5)  are  essentially  equivalent  due  to  the  relation 

r^=l+(Ooa/u)^. 

To  determine  the  field  amplitude  Eo  self-consistently,  (3)  and  (4)  should 
be  coupled  to  the  energy  conservation  equation,  which  is  given  by  : 
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where  <>  stands  for  an  average  over  the  initial  random  phase  distribution  of 
electrons;  n^^  is  the  electron  density  per  unit  length;  c'  is  the  effective 

dielectric  constant  of  the  waveguide  for  TE  mode  which  is  given  by  : 
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where  o  is  the  initial  relativistic  factor  of  electrons. 

Equations  (3)  and  (4)  describe  the  motion  of  a  single  electron  in  the 
wave  fieldSi  and  (6)  describes  the  evolution  of  the  self-consistent  field 
driven  by  the  collective  response  of  the  electrons.  In  order  to  couple  them 
togetheri  a  phase  average  over  the  single  electron  motion  is  necessary.  This 
will  be  done  numerically  in  the  next  section,  by  solving  the  -rajectories  of  a 
Large  number  of  electrons  with  random  initial  phase  distributioit. 

PARTICLE  SIMULATION  AND  NUMERICAL  RESULTS 

Initially,  the  actual  randomly  distributed  electrons  in  the  ideal  E-layer 
is  assumed  to  be  unperturbed,  that  is,  the  electrons  are  set  to  be  positioned 
symmetrically  about  the  axis  of  the  waveduide  structure,  and  the  energy  of 
each  electron  is  given  by  a  predetermined  value  resulting  from  the  cathode 
voltage.  With  time  increment  the  perturbation  in  each  electron’s  position  is 
computed  by  equations  (3)  and  (4),  from  which  the  energy  for  each  electron  can 
also  be  determined.  Then  the  energy,  transferred  from  electrons  to  the  field, 
can  be  evaluated  through  (6)  by  comparing  the  resulting  average  energy  with 
initial  average  energy  of  electrons.  Next  time  increment  repeats  the  above 
procedure. 

In  the  numerical  simulation  of  the  operational  characteristic  of  cusptron 
devices,  an  ide^  E-l^yer  having  a  constant  line  density  of  the  typical  value 
Oj^swa  0^=1. 6x10  cm  as  the  radiation  source  is  used.  Three  parameters,  the 

ratio  a/b  of  outer  radius  a  to  the  inner  radius  b  for  the  N-slotted  resonator, 
the  aplied  magnetic  field  Bo  and  the  initial  relativistic  factor  of  the 
electrons,  Jo  ,  will  be  varied  for  parameteric  study. 

Presented  in  Pig.2  is  the  functional  dependence  of  the  conversion 
efficiency  n  on  the  ratio  a/b  for  both  n  mode  and  2n  mode.  The  results 
determine  the  range  of  a/b  value  in  which  the  optimized  output  efficiency  can 
be  obtained.  It  is  expected  that  the  output  efficiency  of  the  n  mode  is  more 
than  double  than  that  of  the  2n  mode.  And  it  is  of  considerable  advantages  for 
ACMT  cusptron  that  the  efficiency  is  roughly  twice  as  high  as  that  of  the  CMT 
cusptron. 

From  the  polar  plot  of  particle  positions  and  phases  at  various  time  step 
(Not  given  here  for  saving  space)  it  shows  that  there  exists  another  energy 
conversion  machanism  in  ACMT  cusptron,  which  is  not  inherent  in  CMT  cusptron. 
Those  electrons  located  in  the  retarding  field  region  will  lose  energy,  cycle 
in  smaller  radius  and  meet  much  stronger  retarding  field,  thus  more  and  more 
energy  could  be  radiated.  While  those  electrons  located  in  accelerating  field 
region  will  absorb  energy,  cycle  in  larger  radius  and  e.xperience  weaker  and 
weaker  accelerating  field.  So  only  smaller  amount  of  field  energy  is  absorbed. 
If  the  operational  parameters  such  as  Bo  are  properly  adjusted  ,  those 
"useless  electrons"  will  finally  drift  to  the  retarding  region.  This  effect 
leads  to  a  more  efficient  operation. 

Unlike  the  CMT  cusptron  ,  Fig, 3  shows  that  the  saturation  efficiency  is 
not  sensitive  to  the  applied  magnetic  field  for  ACMT  cusptron  if  Bo  exceeds  a 
value  which  depends  on  the  number  of  ..slot  cavities  N  and  the  ratio  a/b. 
Optimum  initial  beam  energy  Ho,  determineci  by  cathode  voltage,  as  a  function 
of  the  ratio  a/b  is  illustrated  in  Fig. 4.  It  is  found  that  the  optimum 
voltages  for  the  ACMT  cusptron  is  higher  than  that  in  CMT  cusptron. 

Fig. 2-4  are  useful  for  the  optimization  of  design  of  ACMT  cusptron 
operating  at  8mm  wave  band. 
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SIMULATION  OF  NON -ADIABATIC  COLLECTOR 

FOR  GYROTRONS 
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Nizhny  Novgorod,  Russia 

Introduction 

Modern  nuclear  fusion  installations  need  long-pulsed  or  CW 
near  1  MW  gyrotrons  for  heating  of  plasma  at  electron  -  ci- 
clotron  resonanse  frequensies  over  100  GHz.  One  of  problems  of 
these  tubes  is  to  provide  admissible  thermal  regime  of  their 
collectors,  that  is  a  sufficient  operation  surface  for  a 
powerful  electron  beam.  Traditional  ways  of  increase  in  a 
collector's  surfase  by  means  of  either  increase  in  its  radius  or 
decrease  in  an  angle  between  its  surfase  and  magnetic  field  line 
are  associated  with  the  higher  requirements  for  accuracy  of 
mechanical  and  magnetic  axial  symmetry,  the  larger  collector's 
surface  is  needed  . 

Principles 

Hereinafter  a  new  way  of  increase  in  the  operation  collec¬ 
tor's  surface  is  given.lt  is  based  on  the  perturbation  of  the 
magnetic  field  so  that  on  a  part  of  electron  trajectories  the 
following  condition  opposite  to  the  adiabatic  one  is  valid 

h 

£  =  - »  1  (1) 

d 

where  h  is  the  electron  trajectory  pitch  ,d  -  the  scale  of  the 
magnetic  field  perturbation.  This  perturbation  can  lead  to 
dramatic  increase  in  velocities  of  cyclotron  oscilations  in  an 
electron  beam  up  to  10  times  or  more  and  to  consequent  larger 
length  of  its  sinking  in  a  collector. 

Example 

Let  us  consider  the  collector  of  a  gyrotron  at  140  GHz 
frequency  with  electron  beam  voltage  70  kv  and  its  power  1.4 
MW. Cavity  beam  parameters  are  as  follows  :  pitch-factor 

g=1.3,bGam  radius  R^=7.68  mm  ,beam  width  ARp=0.l4  mm, current 
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1=20  A. Magnetic  field  in  the  cavity  =5.68  T.  The  internal 
radius  of  a  cilindrical  collector  is  chosen  110  mm. The 

calculated  length  of  the  operation  area  of  the  collector  using 
the  single  main  coil  is  about  2  cm  at  which  thermal  load  of  the 
collector  is  near  20  kW/cm^,that  is  approximately  an  order  over 
an  acceptable  value  for  CW  regime. 

Magnetic  System 

According  to  the  idea  of  considerable  increase  in  gyration 
velocities  of  electrons  the  magnetic  field  along  electron 
tragectories  must  contain  the  region  of  fast  (  in  scale  of  an 
electron  trajectory  pitch  )  variation  of  the  angle  between  a 
magnetic  field  line  and  the  axis. This  case  analogous  to  the 
injection  of  electrons  across  magnetic  field  where  they  obtain 
some  occilation  velocities  . 

The  desired  magnetic  field  in  a  collector  region  can  be 
formed  by  means  of  at  least  2  additional  coils  with  opposite 
partial  fields  comparable  by  values  with  the  magnetic  field  of 
the  main  coil  in  the  collector  region  (  Fig  1  ) . 

Calculation  Results 

Providing  the  condition  (1)  is  valid,  the  trajectory  analysis 
[l]  shows  considerable  increase  in  gyration  velocities  of  elec¬ 
trons  after  the  non-adiabatic  region  (Fig  1) .The  increase  can  be 
so  large  that  some  electrons  do  not  reach  the  collector 
surfase,be_ng  reflected  due  to  the  adiabatic  increase  of 
obtained  gyration  velocities  .The  reflected  electrons  can  not 
get  the  cavity  as  well  and  undergo  several  reflections  before  to 
get  the  collector  surface  . 

The  in  :rease  in  gyration  velocities  does  not  surely  provide 
sufficient  increase  in  the  length  of  electron's  sinking  in  a 
collector  ,  i  .The  reason  of  this  is  that  after  the  non-adiabatic 
region  the  .nitial  gyration  phases  of  all  electrones  are  close 
to  each  oth^*r  (Fig.  l).ln  order  to  increase  L  ,  it  is  necesary  to 
mix  the  pha  ;es.This  can  be  achieved  on  rather  long  electron 
paths  owing  to  a  spread  in  new  obtaned  gyration  velocities  of 
electrons  and  corresponding  spread  of  their  longitudinal 
velocities  .To  provide  the  phase  mixing  it  is  expedient  to 
include  into  the  gyrotron  magnet  system  a  third  additional 
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coil  forming  rather  smooth  decrease  in  the  magnetic  field  after 
the  non-adiabatic  region  (Fig.  2). The  optimised  by 
sizes, currents  and  positions  of  3  additional  coils, the  operation 
collector  length  L=23.8  cm. So  the  found  magnetic  field 
distribution  allows  to  increase  the  collector  length  L  more  than 
10  times  and  have  the  mean  collector  power  load  1.5  '  )cW/cm^ 
admissible  for  CW  regime. 
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ABSTRACT 

The  mteraction  between  electron  beam  and  RF  field  in  the  inner  and  outer  sloned  coaxial  waveguides  is  studied  on  the  basis 
of  a  study  of  the  multi-conductor  structure  in  this  paper.  The  electron  efficiency  is  calculated  numerically  at  ei^t  harmonic 
of  the  electron  cyclotron  frequency  in  these  structures  at  {<,=  35GHz.  The  infl"':;.oe  of  electron  velocity  distribution  in  the 
beam  is  taken  into  consideration  in  numerical  calculatron.  The  results  show  that  the  inner  slotted  structure  is  good  for  an 
increase  in  the  interaction  efficiency, 

INTRODUCTION 

Considerable  progress  has  been  made  in  the  last  decade  in  research  on  and  development  of  gyrotron  oscillators.  The 
gyrotyons  have  been  shown  to  be  capable  of  producing  high  power  millimeter  wave  radiation  with  high  efficiency.  High- 
power  gyrotron  oscillators  have  been  used  very  successfully  for  plasma  stan-up  and  subsequent  electron  cyclotron  resonance 
heating  of  tokamafc  plasmas.  However,  high-frequency  gyrotrons  generally  require  large  magnetic  fields  if  they  are  to 
operate  at  the  fundamental  cyclotron  mode.  If  instead  they  are  operated  at  harmonic  frequencies,  the  magnetic  field  can  be 
reduced  in  inverse  proportion  to  the  number  of  the  harmonic.  However,  when  gyrotyon  is  opeiating  in  higher  harmonic 
modes,  the  electron  efficiency  decreases  with  increasing  harmonic  number,  but  it  increases  with  increasing  beam  energy. 
Tne demand  for  high- power  high-frequency  sources  motivates  the  search  for  many  other  novel  ways  of  improving  the 
operation  of  high  farmonic  gyrotrons.  Further  .it  is  also  desirable  that  the  gyrotrons  should  be  reasonably  compact  for  some 
applications.  In  1981 ,  Destler  et  al.  ‘--reported  the  generation  of  a  high-power  microwave  radiation  at  the  twelfth  harmonic 
by  a  higy-  energy  ( 2Mev )  rotating  electron  beam.  This  experment  featured  an  innovation  interanion  structure  •  a 
waveguide  with  a  magnetron-  type  sloned  boundary ,  which  was-^learly  identified  as  the  reason  for  effective  harmonic 
interaction  and  good  mode  selenivity.  Further  experimental  investigations  at  the  University  of  Maryland  have  shown  that 
the  cusp-injected  axis-rotating  electron  beam  in  a  lower  <•  rgy  regime  can  also  produce  microwave  radiation  efficiently  in 
a  magnetron-type  structure^-'.  Both  theoretical  and  experimental  works  on  this  type  of  device  have  been  pursued  since  that 
time^'.  This  device  has  been  called  cusptron  oscillator. 

In  this  paper.  The  electron  interaction  with  RF  field  in  the  inner  and  outer  slotted  coaxial  waveguides  is  investigated  at 
ei^th  harmonic  of  the  electron  cyclotron  frequency  on  the  basis  of  a  study  of  the  multi- conductor  strucnire*-”.  The 
influence  of  electron  velocity  distribution  in  the  cusp-injected  axis-rotating  beam  is  taken  into  consideration  .  The  results 
show  that  the  inner  slotted  coaxil  structure  is  of  great  advantage  for  electron  interaction  with  RF  field ,  as  pointed  out  in 
reference  11. 
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FIELD  EQUATION 


1  Field  Equationa  in  Magnetron-type  Structure 


The  eroci  section  of  slotted- wall  magnetron  cavity  and  drculsting  electron  beam  is  shown  in  Figl.  This  structure  is 
cusptron  one ,  it  may  be  considered  as  a  special  example  of  a  multi-conductor'*.  The  field  distributions  in  region  0<r<riare 
given  by 


if,  =  S  S,-^  •  /(5.)  •  ^Sin(6d  —  t»0')SiMfiz 
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where 


e/n  \  2n^.  SinCmB.) 

— ssT" 

m  =  jV  -f-  2sy  (p  =  0,  i  1 .  ±  2  —  ) 

The  characteristic  equation  is 

7f  m  J mi  '/'.li'".}  —  JoTii 


(7) 


where  26. is  the  angle  subtended  by  each  s]ot.2n  is  number  of  slots. N  is  integer. 


2  Field  Equations  in  the  Inner  Slotted  Structure 

The  cross  section  of  this  structure  is  shown  in  Fig.  2.  Its  field  distributions  are  given  by 
/fi  =  S  E.-^  •  f(6,)  •  —  iaO)SinB: 

. — <a(t. 

«0  O 

r  F.  -£-  •  /(O.)  •  r  {kf'tSinCU  -  mO)Co!<fiz 

(u/i, 

H,=~  27  ■  /C^.)  •  F(,k,T)Cus(.<>i  —  ttUDCosB^ 

E.-=~  r  E,~  '  f{0,)  ♦  F{k^')Sin(<iil  —  mO'iSmfi: 

as— — ^ 

E,  =  E  E.fiO,')  ‘  F  (k^)Co9iQit  —  m$')Sinfiz 

F.  =  0 


where 


FCk^}  = 


r  (*wr)  * 

The  characteristic  equation  is 
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^•rF(t,r,)( 

9*  M 


x..rrt  -  Jur., 


(8) 

(9) 

(10) 

(in 

(12) 

(13) 


(14) 


CALCULATION  RESULTS 


At  first, let  us  discua  the  electron  motion  in  cusp— iniected  system. The  transiUon  width  of  magnetic  cusp  is  ncglencd. The 
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iiwi  «ep— function  cusp  tnmitkjn  «t  z«0  ii  thown  in  Fig.  3. Th«  electron  mociatt  in  region  z<0  and  z^O  aadifleii 
z<0i 


A.*  0 

At  -  O  - 

z^O. 

1  fl  * 

A..“  {l~-^D+rU«(-J)]) 

«=“ - Ur 

{vi-D  ]} 


(15) 

(16) 
(IT) 

(18) 


Here,  ftu—Xu/C.ftH— v„^C,o=fe,/A,i.  Bjuatlons  (16)— (18)  show  that  $«.  ft,, and  a  are  functiona  of  injection  radii 
of  electrons  in  beam. 

The  electron  dynamics  are  governed  by  the  Lorentz  force  equation 

^«-e[E  +  VX  (a  +  B)]  (19) 

Equation  (19)  and  field  equations  (1)  —  (6)  or  (8)  —  (13)  are  solved  numerically  to  obtain  electron  interaction 
effidency.  The  electron  beam  is  divided  into  five  layers  from  iiuter  to  outer  surface  of  beam  .  Every  E-layer  has  its 
injected  radius  r,and  initial  a  .  we  calculate  arerage  efficiency  of  every  E-layer.  Finally,  overall  average  efficiency  of  the 
electron  beam  may  be  evaluated  .  The  numerical  results  are  given  in  Table  1. 


Table  1 


magnetron  cavity 

inner  slotted  coaxial  cavity 

electron  beam  voltage 

50Kv 

60Kv 

outer  E-tayer  Liitiat  r. 

4.  37mm 

4. 77iDm 

inner  E-layer  initial  r. 

3. 77inm 

4. 37mm 

a  of  outer  E-layer 

3.  1 

4. 116 

a  of  inner  E-layer 

1.  44 

1.95 

1),  of  outer  E-layer 

10% 

9.0% 

tv  of  inner  E-layer 

0.  74% 

10.3% 

overall  electron  efficiency 

6.3% 

8.6% 

mode  of  cavity 

TE,„ 

TE,ii 

harmonic  number 

8 

8 

length  of  cavity 

lOX 

lOX 

The  calculation  results  show  that  the  inner  slotted  structure  is  good  for  an  increase  in  the  electron  interaction  efficiency  iv- 
when  the  electrons  lose  energy,  the  Larmor  radius  will  reduce  .  In  a  outer  slotted  structure  ,  the  electrons  will  be  further 
and  further  away  from  the  slotted  boundary,  but  in  an  inner  slotted  strucnire  the  electrons  will  be  closer  and  closer  to  the 
slotted  boundary,  therefore  ,  the  electrons  will  experience  a  stronger  and  stronger  RF  field.  There  is  initial  distribution  of 
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a  of  electrons  in  the  beam.  In  the  magnetrtm  structure  the  a  of 
outer  E- layer  is  higher  than  one  of  inner  E- layer,  and  the  RF 
field  experienced  by  outer  electrons  is  stronger  than  the  field 
experienced  by  inner  ones,  so  the  efficiency  of  the  outer  E-layer 
is  much  higher  than  the  inner  one.  In  a  inner  slotted  structure . 
the  a  of  the  outer  E- layer  is  higher  than  one  of  the  inner  E- 
layer.  but  the  RF  field  experienced  by  outer  electrons  is  lower 
than  inner  one.  Therefore,  the  efficiency  difference  between 
the  outer  and  inner  E-tayers  is  not  great. 
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Summary 

The  S  matrix,  in  which  the  photon  propagator  incorporates  index  of  refraction  n 
(which  may  depend  on  the  radiation  frequency),  is  used  to  describe  the  spontaneous 
emission  in  a  uniform  magnetic  field  with  a  dielectric  medium.  The  important 
ingredient  in  the  S  matrix  is  the  Fourier  transform  of  the  electron  current  density 
which,  in  turn,  is  determined  by  the  electron  helical  trajectory  in  a  uniform  magnetic 
field  (in  a  dielectric  medium).  Regardless  of  what  the  dependence  of  n  is  on  the 
radiation  frequency,  one  can,  by  utilizing  the  customary  definition  of  Bessel  functions, 
expand  the  Fourier  transform  of  the  electron  current  density  into  a  Fourier-like  series 
in  which  there  formally  to  each  term  corresponds  a  harmonic  index,  m.  For  sufficiently 
long  interaction  time  T  (or  interaction  length  L)  one  finds  that  the  expression  for  the 
angular-spectral  energy  distribution  can  be  written  as  a  sum  over  the  harmonic  angular- 
spectral  energy  distributions  (each  being  associated  with  harmonic  index  m). 

The  actual  spontaneous  emission  can  be  split  into  two  "branches":  a  vacuum 
branch  and  a  Cerenkov  branch.  These  are  distinguished  by  nv^  <  1  and  nv^  >  1, 
respectively.  Here,  and  are  parallel  and  perpendicular  components  of  the  electron 
velocity  with  respect  to  the  uniform  magnetic  field,  respectively.  The  vacuum  branch 
is  associated  with  harmonic  indices  satisfying  m  ^  1  (the  backward  Cerenkov  branch) 
and  m  ^  o  (the  forward  Cerenkov  branch).  The  m  =  o  term  in  the  expression  of  the 
angular-spectral  energy  distribution  corresponds  to  the  new  effect;  a  helical  Cerenkov 
effect. 


The  helical  Cerenkov  effect,  unlike  the  usual  Cerenkov  effect,  depends  on  the 
radius  of  curvature  of  the  electron  trajectory  which  is  measured  in  the  plane 
perpendicular  to  the  direction  of  the  electron  guiding  center.  For  rather  energetic 
electrons,  1  MeV  and  above,  this  effect  is  the  strongest  when  the  radius  of  curvature  is 
comparable  to  the  radiation  wavelength  in  the  medium.  The  longer  the  radiation 
wavelength  is,  the  easier  it  is  to  observe  the  helical  Cerenkov  effect  with  higher  energy 
electrons.  Specifically,  in  water  and  in  the  visible  spectrum  (n  =  1.33)  the  magnetic 
fields  of  the  order  of  30  T  would  be  needed  to  observe  this  effect.  However,  in  the 
microwave  end  of  the  spectrum  and  in  the  medium  with  n  =  1.5,  this  effect  is  observable 
with  magnetic  fields  of  only  about  1  T.  As  to  the  lower  energy  electrons,  say  below  0.5 
MeV,  we  argue  that  the  effect  should  be  observable  in  water  in  the  visible  spectrum  with 
magnetic  fields  of  about  4.5T. 
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Finally,  we  find  that  as  long  as  index  of  refraction  n  is  a  slowly  varying  function 
of  the  radiation  freq-iency  (in  some  range  of  frequencies),  the  spontaneous  emission  may 
go  into  a  large  number  of  harmonics  for  either  of  the  two  branches.  Specifically,  for 
given  radiation  angle  6,  measured  with  respect  to  the  direction  of  the  uniform  magnetic 
field,  to  each  harmonic  index  there  corresponds  a  radiation  frequency  with  the  harmonic 
angular  energy  distribution.  The  sum  of  harmonic  angular  energy  distributions  gives 
the  desired  (total)  angular  energy  distribution.  Choosing  the  magnetic  field  of  4  T,  an 
interaction  length  of  100  cm,  0  =  0.1  rad,  Vj,  =  0.63,  Vj^  =  0.6,  and  n  =  1.4,  we  find  that 
there  are  37  significantly  different  from  xero  angular  energy  distributions  for  the 
spontaneous  emission  into  the  fundamental  and  harmonic  frequencies  (all  occurring  in 
the  vacuum  branch  );  the  total  angular  energy  distribution  is  4.16  eV  in  this  case.  If  the 
spontaneous  emission  is  occurring  in  a  vacuum  (n  =  1)  instead  of  a  dielectric,  we 
determine  that  the  total  angular  energy  distribution  is  just  0.03  eV.  We  see  that  the 
presence  of  the  dielectric  medium  increased  the  energy  of  the  spontaneous  emission  at 
0  =  0.1  rad  by  more  than  138  times. 
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SUBMILLIMETEE  CYCLOTRON  RESONANCE  LASERS  ANT  IHEIR  APPLICATIONS 

Yu. B. Vasilyev,  Yu. L. Ivanov,  S.D.Suchalkin 
AF  Ioffe  Institute,  Academy  of  Sciences,  194021,  St. Petersburg,  Russia 

1.  Cyclotron  resonance  lasers. 

The  tunable  cyclotron  resonance  (CR)  lasers  that  have  been  made 
recently  are  perspective  devices  for  submillimeter  spectroscopy  [1-3]. 
The  lasers  are  single  germanium  crystals  in  the  form  of  parallepipeds 
with  a  typical  size  of  4x5x20  mm'^  supplied  with  ommic  contacts  and 
provided  by  an  outer  Fabri-Perot  cavity.  All  the  system  is  maintained 
in  a  superconducting  solenoid  at  liquid  heliuT  temperature.  The  laser 
operation  is  based  on  the  property  of  a  hot  hole  system  in  germanium  to 
produce  the  population  inversion  of  light  hole  Landau  levels  in  strong 
crossed  electric  and  magnetic  fields.  The  emission  spectrum  has  a 
single  line  of  0.2ce"^  wide,  which  can  be  continuously  tuned  in  the 
range  from  110  to  360  Lm  (frequency  from  28  to  91  cm”'  ).  The  radiation 
power  of  the  pulse  is  0.5  -  1.0  W  and  the  pulse  duration  is  0. 1-0.5  Us. 
The  laser  is  small  enough  to  be  placed  in  a  standard  helium  transport 
cryostat  which  permits  CR  laser  application  outside  the  laboratory,  for 
example,  in  a  vehicle.  Continuously  tuning  in  a  wide  frequency  range 
provides  a  unique  possibility  for  laser  application  in  atmospheric 
monitoring,  quality  tests  of  semiconductor  materials,  in  research,  etc. 
In  this  paper  we  demonstrate  a  possibility  of  using  CR  lasers  for  solid 
state  spectroscopy. 


2.  Shallow  impurity  spectroscopy. 

In  this  section  we  present  CR  laser  applications  to  shallow  impurity 
investigation  with  references  to  n-GaAs  and  p-Ge,  Photathermal 
ionization  spectra  were  obtained  by  sweeping  the  laser  frequency. 


figure  i  shows  the  pnotoconductivity  spectrum  of  lo-type  Ge  with  the 
carrier  concentration  of  =  1.5  x  10""  cm"""  at  7.3  K. 
Identification  of  impurities  in  Ge  was  made  by  comparising  the  peak 


frequency  in  the  spectrum  with  the  catalogue  data.  Note  that  the  laser 
emission  was  weakened  by  2  orders  to  avoid  the  spectrum  distortion.  The 
signal/noise  ratio  was  more  than  100.  The  spectra  of  high  purity 
epitaxial  GaAs  with  a  residual  impurity  concentration  of  N^  -  = 
lO^^cm"^  at  4.2  K  are  shown  in  figure  2  without  (  1  )  and  with  (  2,3) 
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Fig.l,  Photoconductivity  spectrum 
of  p-Ge  at  7.3  K, 


different  magnetic  fields: 
2.B*0.33T,  3.B-0.67T 


magnetic  field.  All  the  curves  for  n-GaAs  were  obtained  at 
additional  intrisic  illumination.  The  impurities  were  identified  from 
the  position  of  the  photoconductivity  peaks  associated  with  the  Is  -2p_ 
transitions.  The  impurity  species  responsible  for  these  peaks  are 
indicated  in  figure  2. 

2.  Hot  hole  cyclotron  resonance  in  germanium. 

Spectra  of  the  cyclotron  absorption  and  amplification  in  the  germanium 
light  hole  subband  in  str-ong  crossed  electric  and  magnetic  fields  are 
shown  in  figures.  The  experiment  was  performed  at  fixed  laser  frequency 
with  the  sample  magnetic  field  sweeping  at  different  values  of  the 
sample  electric  field.  The  absorption  line  has  a  clearly  pronounced 
structure  associated  with  transitions  between  the  nonequidistant  Landau 
levels.  Four  well-defined  peaks  can  be  identified  at  the  laser 
frequencies  more  than  75  cm"'.  As  the  electric  field  increases,  the 
absorption  peaks  shift  up  the  magnetic  field  axis  and  their  intensities 
change.  Besides,  the  first  absorption  peak  is  replaced  by  an 
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Fig.3.  Transmission  of  the  71.1  cm“^  (a)  and  77.2  cm"^  (b)  lines  of 
CR  lasers  at  different  electric  fields,  kV/cm:  a)  1-0.7,  2-1.2, 
3-2.4,  4-5.0,  b)  1-1.08,  2-5.0 


amplification  peak. The  strong  shifting  of  the  absorption  peaks  with  the 
electric  field  is  connected  with  different  values  of  the  Stark-effect 
for  each  low  Landau  level  of  the  light  holes.  We  can  conclude  from 
these  data  that  the  inversion  in  germanium  occurs  only  within  one 
Landau  level  pair  which  has  the  highest  separation  at  a  given  magnetic 
field.  Since  at  weak  electric  field  the  absorption  maximum  refers  to 
the  first  peak,  we  may  suggest  that  it  is  due  to  the  transitions 
between  the  first  and  the  second  Landau  levels.  At  a  high  electric 
field  there  is  an  amplification  between  the  same  levels.  Note  that 
several  absorption  peaks  due  to  the  cyclotron  transition  of  the  light 
holes  have  been  resolved  for  the  first  time, 

4.  2D  semiconductor  structure  studies.-; 

Submillimeter  cyclotron  lasers  can  be  used  for  cyclotron  absoption 
studies  of  2D  semiconductor  structures.  Measurements  were  made  at  a 
fixed  laser  frequency  by  tuning  the  sample  magnetic  field.  Wedged 
samples  were  used  to  avoid  lineshape  distortion  due  to  multiple 
reflection.  The  samples  studied  were  high  mobility  GaAs  -  AlGaAs 
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Fig. 4.  a)  Transmission  of  148  Hjn  line  in  a  2D  Ga8b-InAs-GaSb 
system  (1)  and  GaAs-AlGaAs  heterostructure  (2) 
b)  Cyclotron  absorption  in  a  GaAs-AlGaAs  heterostructure: 
squares  ~  experiment,  solid  -  Drude  model  with  the  fitting 
parameters  T  =  10“^*s,  m/m^  =  0.067 

heterostructures  and  single  100  A  GaSb-InAs-GaSb  quantum  wells,  with 
electron  densities  4.0x10^*  cm~^  and  ?.6xl0^^  cm~^  ,  respectively. 
Typical  magnetotransmission  spectra  for  a  2D  electron  gas  in  a 
GaAs-AlGaAs  heterojunction  and  semimetaliic  GaSb-InAs-GaSb  layer  are 
shown  in  Figure  4,  The  spectra  reveal  the  specific  features  of  2D 
absorption,  such  as  a  shift  of  the  line  position  in  a  tilted  magnetic 
field  and  quantum  oscillations.  The  data  allow  one  to  define,  with  high 
accuracy,  the  effective  mass  and  relaxation  time  by  means  of  computer 
fitting  based  on  the  Drude  model. 
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The  gyrodevices  with  peniotron  mechanism  of  interaction  are 
well-known  /1-3/.  In  last  years  the  results  of  the  theoretical 
study  of  peniomagnetrons  with  throghout  gyroresonance  74/ , 
autoresonant  penioti^Dn  generators  and  amplifiers  of  MM  and  subMM 
wavelengths  at  the  harmonics  of  cyclotron  frequencies  75-8/  have 
published.  Power  perforraancles  of  peniotrons  to  a  large  degree 
depend  on  parameters  of  electron-optical  system  737.  Systems  with 
partial  shielding  and  compression  of  the  beam  in  a  region  of  the 
gun  are  the  most  economical  and  effective.  Diode  and  triode 
constructions  of  such  guns  were  originally  described  in  79,10/ 
and  then  in  73/. 

In  this  paper  the  results  of  computer  simulations  of  the 
triode  gun  79/  forming  the  mono-pipe  electron  flow  for  the 
amplifier  peniotron  at  the  higher  harmonics  of  cyclotron 
frequency  working  in  the  autoresonant  regime  at  the  frequency  of 
50  GHz  are  cited  74/  (Fig.l). 

According  to  Bush'  theorem  d  -  {  72  the  encircling 

of  mono-pipe  flow  around  the  axis  of  system  with  cyclotron 
frequency  q  B  is  provided  at  the  flows  of  magnetic  field 
induction  id  at  the  cathode  and  the  one  in  the  opposite 

C 

direction.  If  radial  components  of  velocity  is  neglected  (V  =0) 
and  taking  into  account  that  in  this  case  the  angular  electron 
velocity  equals  to  V  =w  D/2,  correlation  D".4,55  10' '^UW  /IBB  I 

*  c  c  *  '  c  ' 

connecting  the  middle  diameter  of  the  flow  in  the  interaction 
space  (D),  magnetic  field  induction  at  the  cathode  (B  )  and  the 

C 

one  in  the  interaction  space  (B),  interaction  space  potential  (U) 
and  relative  value  of  rotative  energy  of  the  flow  W  =V‘'/(  V‘-+7"  ) , 
follow  from  the  low  of  conserve tion  energy.  The  middle 
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equilibrium  diameter  of  flow  in  the  interaction  space  at  the 
presence  of  intensive  field  at  the  cathode  defined  by  the  known 
correlation  D  =  D^(B^/B)  ^ .  In  order  to  provide  small  spreads  of 
rotative  energy  of  electrons  and  required  current  density  at  the 
cathode,  the  width  of  annular  emitter  must  be  far  less  the  middle 
cathode  diameter  iA/D  <<1). 

tr 

Cited  analytical  correlation  are  basis  criterions  for  a 
choice  of  the  parameters  of  trlode  gun,  forming  large-orbit 
mono-pipe  electron  flow  with  desired  level  of  rotative  energy. 
Realization  of  these  criterions  is  archieved  by  the  following 
computer  calculations  of  the  gun  and  magnetic  system,  matching  of 
the  gun  with  the  magnetic  field  in  Interaction  space  on  perpose 
to  decreasing  of  radial  pulse  of  the  flow. 

According  to  the  findings  of  computer  calculations  the  gun 
forms  the  beam  with  small  spreads  of  rotative  velocity  and  power 
of  electrons  (2^  and  6%  correspondently )  at  the  next  parameters 
and  basis  geometrical  diraentions  of  the  constractions  (Pig. 2): 


accelerating  voltage 

6  kV 

first  anode  potential 

2,4  kV 

beam  current 

260  mA 

beam  microperveancs 

0,588(iA/V 

middle  diameter  of  electron  flow 

1,4  mm 

electron  flow  thickness 

0,4  ram 

diameter  of  floating-drift  channell 

2,6  ram 

middle  diameter  emitter 

5,2  ram 

emitter  width 

0,2  mm 

middle  current  density  on  the  cathode 
transversal  velocity  to  longitudinal 

10  A/cm^ 

velocity  ratio 

relative  power  of  flow  rotation  with 

1,6 

the  cyclotron  frequency 

0.7 

Desired  parameters  of  the  emitter  are  realised  in  spetially 
designed  construction  of  raetal-poreus  cathode  with  the  longevity 
which  13  not  less  1000  hours  at  the  permissible  current  density 
whicli  is  not  more  30  A/cm^.  In  order  to  create  required 
distribution  of  magnetic  field  induction  at  the  axis  of  system, 
providing  the  throughout  gyroresonanse  condition,  magnetic  system 
of  alloy  of  samarium  and  cobalt  is  used.  Experimental  curve  of 
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distribution  of  longitudinal  component  of  tuagnetic  field  at  the 
axis  of  system  is  shown  in  Pig.  3*  Value  of  beam  transmission  to 
the  collector  which  was  measured  is  67%,  approximately 
corresponds  to  the  level  of  beam  transmission  in  a  diode  gun. 
Reasons  of  the  decreasing  of  beam  transmission  were  determined. 
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POflER  UtD  BAUD  CHARACTERISTICS 
OF  AOTORESOHANT  AMPLIFIER>PEHIOTROR 
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Institute  of  Radiophysics  and  Electronics 
Academy  of  Sciences  of  Ukraine 
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Domination  of  peniotron  mechanism  of  electron-wave  interac 
tion,  which  is  always  present  in  gyrodeviees,  can  be  provided  by 
corresponding  choice  of  initial  condition  /!/.  In  the  case  of 
ideal  mono-pipe  beam  peniotron  mechanism  of  interaction  in  compa¬ 
rison  with  gyrotron  mechanism  is  characterised  by  the  absence  of 
electrons  with  "bad"  phases,  less  influence  of  spreads  of  guiding 
centers,  axial  velocities  of  electrons  on  power  characteristics 
of  device  at  higher  harmonics  of  the  cyclotron  frequency. 

Autoresonant  peniooiagnetron  in  which  mono-pipe  beam 
interacts  in  homogeneous  magnetic  field  with  the  electroaiagnetic 
wave,  propagating  with  the  phase  velocity  (C  is  the  light 

velocity  in  vacuum)  in  electrodynamic  system,  deaionstrates  high 
efficiency  of  power  exchange  in  the  regime  of  throughout  cyclo¬ 
tron  gyroresonance  /2/.  It  is  stipulated  by  the  power  equivalen¬ 
ce  of  nonsinchroniam  of  rotation  of  the  working  wave  and  beam, 
when  the  phase  of  field  in  the  frame  of  moving  electrons  takes 
succesion  of  values  from  0  to  2X  excepting  in  this  way  the  influ¬ 
ence  of  initial  phases  of  particles  on  power  characteristics  of 
interacticn. 

In  that  work  in  the  assumption  of  the  absence  of  spreads  of 
coordinates  and  velocities  of  electrons,  the  influence  of  space 
charge  and  dispersion  of  electrodynamic  system  nonlinear  self- 
consistent  theory  of  autoresonant  amplifier  peniomagnetron  in  the 
band  of  near-resonant  frequencies  defined  by  the  parameter 

where  W  is  circular  frequency  of  the  field,  U)  is  "sinchronous" 

frequency  connected  with  beam  parameter  by  the  gyroresonance  con¬ 
dition 

^  -  ,  n  =  1.2...  (2) 

is  deduced  .  In  correlation  (2)  7  is  relativistic  factor. 

(:  Q)  is  cyclotron  frequency,  P  is  longitudinal  electron  velo¬ 
city  rated  to  C. 

Self-consistent  motion  of  magnetoguided  electron  rotating 
with  cyclotron  frequency  in  the  field  of  going  one’s  way  T-wave 
is  described  by  the  next  system  of  equations: 


dR  _  e  A  s  (r/a) 


sintp 


(3) 


dr  ^ 
dt 


e  A  s  (r/a)" 
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jcosX 
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where  a  -  (1-^^),  0=  Pq/Q^  X  =  p-nDt-<|)+D  is  effective  phase  of 

forces  of  RF-field,  p  =  (i){t-*/c),  A  =  iiiod(E),  D=arg(E),  E  is 
slowly  changing  complex  amlitude  of  strength  of  azimuthal  com¬ 
ponent  of  electric  field  at  arbitrary  radius  by  formula 


= 


lEl 


n 


where  (R,$}  are  polar  coordinates  of  the  guiding  center  of  elect 
ron  orbit,  (r,0()  are  polar  coordinates  of  electron  in  the  frame 
connected  with  the  guiding  center  (Fig.l);  e,m^  are  charge  and 

rest  mass  of  electron,  consequently,  P  is  power  of  the  beam  of 
particles  accoiinting  rest  energy  tran::f erring  by  them,<2  is  power 
of  the  working  wave;  o  is  index  of  initial  values. 


The  system  of  differential  equations  (3)-(6}  has  three 
integrals  of  motion: 

2  2 

r  +  nR  =  const  (9) 
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m  Q 
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T  = 


A  cos4)  nR 


const 


const 


(10) 

(11) 


It  follows  from  correlation  (11)  that  in  the  case  of  beam 
coaxial  electrodynamic  system  (Rq=0),  when 

Q(r*-r^) 

cos4)  =  •  “ _ (12) 

2eAnR(r/a)'^ 

interaction  of  electron  with  electromagnetic  wave  doesn't  depend 
on  its  initial  phase  and  is  defined  only  by  the  field  characte¬ 
ristics  . 

In  the  gyroresonance  regime  )  effective  phase  of  forces 

of  electromagnetic  wave  remains  the  same  in  the  process  all  over 
the  motion  of  particle,  leading  in  the  final  to  its  full  trans¬ 
versal  braking.  In  the  case  of  realization  of  initial  condition 
=  1  owing  to  formula  (7)  simultaneous  full  longitudinal 

braxing  of  particle  also  realized.  Maximum  electron  efficiency  in 
the  gyroresonance  regime  is  defined  from  the  integral  of  motion 
(10) 
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rvs 
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Tuning  out  from  the  resonance  regime  ^  0}  leads  to  slow  change 
of  value  (j)  and  particle  leaving  of  braking  phase  of  field  forces 
in  which  it  was  initially  according  to  formula  (12).  Maximum  of 
transferring  of  electron  power  tc  RF  field  is  achieved  now  in  the 
point,  where  sinU])  =  0,  after  that  the  particle  begins  to  acceler¬ 
ate  increasing  its  energy  of  electromagnetic  field. 

In  Pig. 2  maximum  electron  efficiency  versus  t^e  frequency 
parameter  )t/M  at  =  1,5x10  V/m,  7^=1, 02,  D  =  10  x  IT  ,  n  =  10, 

0,096  is  shown.  As  it  follows  from  the  graph  in  Pig. 2  increa¬ 
sing  of  the  band  of  maximum  electron  efficiency  in  M  times 
requires  increasing  of  device  current  is  proportionate  to  excita¬ 
tion  Mrameter  U  at  the  constant  value  of  initial  wave  amplitude 
A  in  n  times. 
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In  the  gyroresonance  regime  at  the  condition  when 

equation  is  success  to  solve  analitically  for  some  values  n.  In 
particular  df^ure  indexes  correspond  to  nimi*er_of  the  c*"'  'tron 
harmonic  ^  ~  ’ 


X,  =  .  [p(C,v)-E(C,v)]+  y-TT  * 
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ae,  =  0“sh"x/0  ,  ae,  =  J_  an^xyIT5,v) 
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elliptical  integrals  of  the  first-kind  and  second  kind, respectively 

Investigation  of  band  characteristics  of  autoresonant  penio- 
tron  carries  out  by  the  means  of  the  numerical  solution  of  equation 
(14).  In  Pig. 3  electron  efficiency  versus  the  frequency  parameter 
^/m  is  shown  for  the  same  values  that  in  Fig. 2.  Sinchronous  effi¬ 
ciency  was  40%.  Half -power  band  width  is  ^  0,2M%  and  is  defined, 
analogously  to  the  case  of  maximum  efficiency,  by  beam  current. 
Decreasing  of  the  band  at  the  decreasing  of  beam  current  is  ex¬ 
plained  by  the  increasing  of  the  number  of  electron  turns  N,  which 
are  necessary  to  achieve  "sinchronous”  value  of  electron  efficien¬ 
cy  (Pig. 4)  because  of  that  the  resonant  characteristics  of 
examined  gyrodevice  shown  more  sharply. 

In  the  conclusion  we  give  summary  data  of  the  example  of  cal- 
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culations  of  nonrelativistic  autoreaonant  penlotcon-aiivlifier  at 
the  10th  cyclotron  harmonic.  The  beam  is  electron  mon^-pipe,  gnn 
voltage  ia  10  kv  (7q=1»02),  initial  pitch-angle  is  60  ,  current 

I  =  0,3A.  initial  radius  is  1  am,  number  of  electron  turns  N  =  5. 
Working  wave  ia  T-wave.  "Sinchronous”  frequency  of  electromagnetic 
field  is  95  GHz,  physical  length  of  interaction  space  L  =  20,5  bid, 
input  power  =  0.1  W,  sinchronous  amplification  <7^=40eV,  output 

power  Q=1  kW.  Regime  is  continuous  .one,  order  of  gyroresonance 

n  =  10,  "sinchronous**  electron  efficiency  3B^=33%,  half-power  band 

width  is  2%,  introduction  of  magnetostatic  field  B  is  0,3  T. 
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THE  CONCEPT  AND  PERFORMANCE  OF  A  CONTINUOUS 
SUBMILLIMETER  WAVE  SPECTROMETER 
IN  THE  RANGE  OF  250  mkm  TO  7.5  mm  WAVELENGTH 
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General  Physics  Institute 
Russian  Academy  of  Science 
Moscow  117942,  Russia 


ABSTRACT 

The  conventional  FIR  spectroscopy  has  recently  managed  to  go  down  to 
wavelength  3  mm  (30  cm'^).  However,  the  usage  of  non-monochromatic  sources 
which  deliver  very  low  power  levels  in  mm-wave  band  results  in  the  need  of  He- 
cooled  detectors,  acquisition  times  of  hours,  and  yet  numerous  sharp  spectral 
lines  in  gases  and  solids  are  not  resolved.  A  radio  frequency  sweep  generator 
approach  to  spectrum  acquisition  was  implemented  in  MASS4  submillimeter 
spectrometer,  which  covers  the  wavelength  range  of  8-0.2  mm  (1.3-50  cm‘^)  with 
a  set  of  monochromatic  CW  tunable  vacuum  backward  wave  oscillators  (BWO). 
The  powerful  sources  permit  the  use  of  room-temperature  opto-acoustic, 
pyroelectric  and  diode  detectors  as  well  as  cooled  ones  when  low  non-disturbing 
power  levels  are  necessary,  and  to  reduce  acquisition  time  to  a  few  seconds  and 
minutes. 

MASS4  uses  quasi-optic  elements  to  shape  the  beam  and  has  a  complete  kit 
of  lens,  wire  grid  elements,  and  mirrors  which  may  be  arranged  into  different 
configurations  to  form  interferometers  and  other  schemes.  The  optimized  wire 
grids  enable  us  to  perform  measurements  within  the  entire  submillimeter 
waveband  without  significant  change  in  parameters  and  the  need  of  mechanical 
adjustment. 

Either  amplitude,  phase  and  polarization  spectra  can  be  measured  in 
transmitted  and  reflected  radiation.  The  combination  of  BWO  power  of  10  mW 
typ.  and  Golay  cell  NEP  of  10'^®  W/Hz^^“  results  in  dynamic  range  of  ordinary 
power  loss  measurements  of  lO'"*  - 10'®,  while  elaborate  heterodyne-based  methods 
can  extend  this  value  to  theoretical  limits  of  10‘®. 

A  single-mode  quasioptic  beam  results  in  enhanced  accuracy  of 
measurement.  The  comparison  of  the  results  obtained  by  different  independent 
methods  implemented  on  MASS4  proves  the  accuracy  of  refractive  index 
measurements  better  than  0.2%. 
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An  adaptive  dual-channel  registration  unit  performs  both  detector  data 
acquisition  and  software  power  instability  correction  which  yields  in  the  spectrum 
reproduceability  within  0.3%  (1-2%  in  worst  cases).  This  feature  results  in  the 
possibility  of  precision  complex  refractive  index  measurements  based  on  vector 
spectrum  acquisition  with  Single-Sideband  and  Double-Sideband  modulation,  and 
mathematical  post-processing.  The  accuracy  of  the  extracted  phase  spectrum  is 
about  0.3  -  0.6  degrees  for  transparent  samples.  The  resolution  of  the 
spectrometer  reaches  30000,  and  for  special  applications  may  even  be  increased 
with  the  help  of  a  phase-locked  loop. 

MASS4  is  a  reconfigurable  multipurpose  instrument  which  can  be 
effectively  used  in  material  science,  physics,  chemistry  and  biology.  The  use  of 
the  instrument  is  illustrated  by  practical  research  results.  The  water  quantities 
as  low  as  3*10’^  in  pure  cyclohexan  may  be  inspected.  Cyclotron  resonance  and 
mobility  in  semiconductors  were  measured.  The  spatial  distribution  of  mobility 
and  losses  in  GaAs  epitaxial  wafers  were  observed.  Ferromagnetic  resonance, 
magnetic  field-induced  dichroism  and  Faraday  rotation  in  magnetic 
semiconductors,  magnetic  fluids  and  X-band  ferrites  were  measured.  The  spectral 
characteristics  of  the  reflection  by  human  skin  and  its  variation  caused  by 
dimethylsulfoxide  was  investigated. 

The  spectrometer  and  its  sub-assemblies  are  currently  available  on  the 
markei. 
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Torsion>Rotation  FIR  Spectrum  of  ^^CDjOH 
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Abstract 

The  Fourier  transfonn  far-infrared  (FIR)  spectrum  of  ^^CD30H  has  been  investigated  from  15  to 
240  cm'l  at  0.002  cm*l  resolution.  About  100  6-typc  transition  branch  systems  have  been  assigned,  giving 
a  map  of  the  torsion-rotation  energy  level  manifold  with  links  among  torsional  states  for  n=0-3  and  a  K 
range  of  K=0-14,  The  branch  origins  have  been  fitted  to  a  complete  set  of  J-independent  molecular 
constants  for  the  vibrational  ground  state. 


Introduction 

A  thorough  understanding  of  the  torsion-rotation  energy  level  structure  of  the  vibrational  ground 
state  of  ^3qD30H  is  an  essential  foundation  for  further  vibrational  spectroscopy  of  the  molecule.  Analysis 
of  infrared  (IR)  fundamental  vibrational  bands  rests  on  a  knowledge  of  ground-state  combination 
differences.  Therefore,  in  order  to  establish  precise  energy  level  positions  in  the  ground  state  energy 
manifold,  the  study  of  the  FIR  spectrum  is  a  necessary  first  step  in  an  investigation  of  the  IR  vibrational 
spectrum.  The  IR  region  around  10  |xm  is  of  particular  interest  in  the  latter,  of  course,  in  connection  with 
the  optical  pumping  of  FIR  laser  lines  of  13CD3OH  with  CO2  lasers  [1-3]. 

The  ground  state  of  13CD3OH  was  investigated  initially  in  the  naicrowave  region  by  Sastry  et  al. 
[4],  and  results  were  obtained  for  low  torsional  states  at  low  K  and  J  rotational  quantum  numbers 
(nmax=--  Rmax=2,  Jmax=5).  In  this  work,  we  have  explored  a  much  wider  range  of  states  in  a  high- 
resolunon  Fourier  transform  spectroscopic  study  in  the  15-240  cm.-*  range.  We  now  have  an  extensive 
map  of  the  energy  level  structure  for  n=0-3,  K=fl-14  and  J=0-35.  which  has  also  permitted  determination 
of  a  complete  set  of  ground  state  molecular  constants,  in  addition,  the  ground  state  transition  frequencies 
have  been  applied  in  constructing  closed  IR/FIR  frequency  combination  loops  to  determine  and  confirm 
FIR  laser  transition  identifications  and  to  predict  potential  new  FIR  laser  lines  [1-3]. 

FIR  Spectrum  and.  Analysis 

The  FIR  spectrum  of  i^CDaOH  was  recorded  from  15-240  cm'^  on  the  modified  DA3.002  Bomem 
spectrometer  in  Ottawa  at  a  resolution  of  0.002  cm*'.  This  instrument  is  a  Michelson  interferometer,  in 
which  a  folded  optical  path  using  a  rooftop  mirror  in  the  moving  arm  gives  a  path  difference  of  5  m  for  the 
maximum  mirror  travel  of  1.25  m.  Dynamic  alignment  of  the  optics  is  maintained  by  actively  stabilizing  a 
fixed  reflector  in  the  moving  arm  through  feedback  signals  derived  from  triple  He-Ne  laser  beams 
simultaneously  sent  through  the  system.  The  FIR  source  was  a  high-pressure  mercury  lamp,  the 
interferometer  beamsplitter  was  a  thin  mylar  sheet,  and  the  germanium  detector  was  cooled  by  liquid 
helium  pumped  down  below  the  lambda  point  to  about  1.2K.  The  absorption  cell  was  a  mulupa.<fs  White 
cell  set  to  a  total  pathlength  of  2.0  m,  with  the  sample  maintained  at  room  temperature  and  a  pressure  of 
200  mTorr. 
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At  the  low  end  of  the  spectrum,  compact  AK^^O  a-type  muldplets  can  still  be  seen  at  high  J,  but  at 
higher  wave  number  the  principal  stmcture  consists  of  AK=!±i  b-typc  branch  systems.  These  arc  scattered 
mote  or  less  randomly  throughout  the  entire  spectral  range  due  to  the  irregular  variation  of  torsion-rotation 
energy  with  quantum  numbers  n.  x  and  K.  In  this  paper,  we  will  use  n  to  label  the  torsional  state,  x  to 
indicate  the  torsional  symmetry,  and  K  to  denote  the  projection  of  the  total  rotational  angular  momentum  J 
along  the  molecular  near-symmetry  a-axis  [5]. 

In  assigning  the  b-type  Q-branches,  we  first  calculated  the  branch  origin  frequencies  and 
approximate  intensities  using  the  reported  parameters  [1,4],  and  arranged  the  origins  in  ascending 
wavenumber  order  for  convenient  comparison  with  the  spectrum.  When  a  Q  branch  (AJ=0)  was  thought  to 
be  recognized  in  the  spectrum  near  the  calculated  origin  position,  we  then  looked  for  the  corresponding  R 
(AJ=+1)  and  P  (AJ=-1)  branches  using  calculated  a-type  ftequcncics  in  the  following  relations 

R(J)-Q(J-H)  -  Q(J)-P(J+1)  =  V8(J+1<-J) 

R(J)  -  P(J+2)  =  Va(J-t-2<-J+l)  +  Va(J+l<-J) 

With  this  technique,  we  were  able  to  assign  100  FIR  branch  systems,  comprising  nearly  6000  individual 
absorption  lines.  These  transitions  link  the  torsional  states  n  from  0  to  3,  K  values  from  0  to  14  and  J 
values  typically  up  to  35  for  each  of  the  A,  Ei  and  E'l  torsional  symmetries.  A  schematic  view  of  the 
ground  state  torsion-rotation  map,  showing  the  specific  state-to-state  transition  linkages  achieved,  is  given 
in  Fig.  1. 

Ground-State  J-Independent  Parameters 

In  order  to  model  the  J-dependence  of  the  branch  lines  and  extrapolate  to  the  J-independent  origins, 
we  fitted  the  branch  frequencies  by  least  squares  to  an  expression  involving  a  Taylor  scries  energy  level 
expansion  of  the  fonn 

E(nxKJ)  =  W(ntK)  -i-  B(nxK)J(J+l)  -  DfnxK)  J2(J-i-I)2  +  ... 

For  a  b-type  (n'x’K')<— (n"x"K")  transition,  in  which  K'=K"±1,  the  series  origin  is  given  by 
Vq  =  W(n'x'K')  -  W(n’'x"K"),  where  W(nxK)  is  the  J-independent  part  of  the  energy.  Our  fits  )deldcd 
branch  origins  with  standard  deviations  of  the  order  of  ±0.005  cm*^  while  the  overall  Taylor  series 
expansions  generally  reproduced  the  observed  frequencies  to  close  to  the  estimated  measurement  accuracy 
of  ±0.0005  cm'*  for  unblended  lines. 

With  the  neglect  of  very  small  terms  due  to  molecular  asymmetry  shifts,  W(ntK)  can  be  expressed 
in  first  order  as  a  sum  of  products  of  fundamental  molecular  constants  with  expectation  values  of  the 
corresponding  torsion-rotation  operators  in  the  Kivelson-Kirtman  formulation  [5]: 

WfnxK)  =  V3  <1-cos375'/2  -i-  F  <Py2>  +  [A  -  (B+C)/2]  +  Vg  <l-cos67>/2 

-  Dkk  K4  -I-  ki  K3<Py>  +  k2  K2<Py2>  h-  kj  K<Pyi>  +  k4  <Py^> 

+  ks  K2<1-cos3y>  +  K<Py>  -t-  A:?  <Py2(1-cos3y)> 

Here,  y  and  Pv  are  the  torsional  angle  and  angular  momentum,  respectively;  V3  and  Vg  are  the  first  two 
coefficients  in  the  Fourier  expansion  of  the  threefold  torsional  barrier  potential;  F  is  the  reduced  internal 
rotation  constant;  A,  B  and  C  are  the  effective  rotational  constants;  and  Dkk  ki  10  ky  terms 
describing  rotational  and  torsional  centrifugal  distortion  and  their  effects  on  the  barrier.  A  linear 
dependence  is  known  to  exist  among  several  of  the  matrix  elements  [5],  and  means  that  one  parameter 
must  be  constrained  in  fitting  the  branch  origins.  This  is  conveniently  done  by  setting  cither  ky^  /tg  or  Vg  to 
zero.  With  each  of  these  constraints,  a  weighted  non-linear  least  squares  fit  was  then  carried  out  to  the  Vq 
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origins,  fitting  the  axial  moments  of  inertia  lai  and  Ia2  directly  rather  than  the  related  F  and  A  constants 
derived  firom  them.  The  results  arc  given  in  Table  1  for  the  three  fits,  showing  the  behaviour  of  the 
parameters  with  the  change  in  constraint  The  sets  of  j-independent  parameters  reproduce  the  observed 
branch  origins  with  similar  overall  weighted  standard  deviadons  from  7.2-8. 1,  meaning  that  on  average 
the  model  fits  each  data  point  to  within  about  8X  its  standard  deviation,  or  about  ±0.005  cm'*.  In  a  given 
fit,  the  constrained  parameter,  which  would  in  fact  be  expected  to  have  a  non-zero  value,  has  been 
absorbed  into  effective  values  of  the  other  parameten  in  the  lai,  Ia2.  V3,  Ve,  and  kj  group  due  to  the 
linear  dependence,  hence  the  values  of  these  constants  are  somewhat  contaminated  through  the  constraint. 
From  qualitative  physical  argiunenis,  one  would  expect  centrifugal  distortion  with  increasing  torsional 
angular  momentum  to  open  up  the  CD3  umbrella  slightly  and  bring  the  D  atoms  and  the  H  atom  closer 
together,  thus  raising  the  barrier.  Alternatively,  one  could  argue  that  the  force  due  to  a  repulsive  barrier 
would  tend  to  close  down  the  CD3  umbrella  at  the  top  of  the  barrier  potential,  thus  decreasing  Ia2  and 
increasing  F.  Both  of  these  effects  should  lead  to  a  positive  ky  term,  hence  would  imply  that  the  true 
situation  for  the  molecular  parameters  lies  somewhere  between  Fit  I  and  Fit  HI.  This  would  then  imply  in 
turn  that  the  V6  term  affecting  the  barrier  shape  is  quite  small  and  negative,  between  0  and  - 1 .63  cm'  ■ . 
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■ymmatry.  Each  niad  all^Ma  rapresanta  a  sat  m  anergy  tavals  sharing  all  tha 
quantum  numbars  but  J.  Unas  rapresant  tha  Invastlgataa  Ikia  serlas. 
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Dielectric  relaxation  behaviour  of  polar  molecules  in  non-polar 
solvents  using  microwave  absorption  methods  have  been  frequently  studied. 
Such  studies  using  binary  mixtures  in  non-polar  solvents, however,  are 
limited.  The  work  reported  hare  is  an  investigation  of  the  dielectric 
relaxation  behaviour  of  mixtures  containincr  complexes  formed  between  either 
polar  or  non-polar  donors  (methyl  methacrylate  HHA  and  styrene  St)  and  two 
polar  acceptors  (N. phenyl  maleimide  NPMl  and  octadecyl  malaimida  ODMI)  in 
non  -polar  solvents  (carbon  tetrachloride  and  benzene).  The  measurements 
were  carried  out  on  dilute  solutions  (not  more  than  1  mole%)  of  mixttires  of 
donor  and  acceptor  with  different  compositions,  namely  1:3,  1:1  and  3:1 
respectively  in  carbon  tetrachloride  and  benzene  at  tempertures  of  20.30  aivd 
40  c. 

The  dielectric  loss  £"  was  measiired  in  the  frequency  range  0.2  -  18 
GHz  using  a  sweep  -  frequency  spectro-photometer  from  HP,  U.S. A. described 
earlier.  The  accuracy  of  the  measurements  was  +  3%  The  static  dielectric 
constant  was  measusred  at  2  MHz  by  the  dipolmeter, type  DMOl  from  WTW,Geirmany 
to  an  accuracy  of  *  1%  An  Abbe  refractometer 

from  Carl  Zeiss  Jena,  Germany  was  used  to  measure  the  refractive  Index^Oo  of 
the  Na  D  line  for  the  investigated  solutions  to  an  accuracy  of  +1  x  10"^  . 

The  results  obtained  for  the  dielectric  loss  a£  at  the  different 
frequencies  ( co )  are  analysed  by  the  sum  of  Debye  terras  using  the  equation. 


r,' 


I  r,' 


^  <3;  =  1. 


X  is  the  concentration  in  mole  fraction  and  ^  means  the  difference  between 
the  solution  and  solvent  .  Fitting  of  data  was  done  by  computer  program.  An 
example  of  the  analyses  is  given  in  fig.  (1)  for  ODMI  and  MMA  and  the 
mixture  of  two  components  with  composition  1:3  ,l:l  and  3:1  in  rarbon 
tetrachloride  at  20  c.  From  this  figure  it  is  seen  that  the  first  absorption 
region  describing  both  molecules  is  represented  by  one  Debye  terra.  Any 
deviation  from  the  experimental  points  lieing  comparable  with  the  error 
limits.  This  is  not  surprising  in  view  of  the  fact  that  separate  loss 
maxima  are  likely  to  appear  only  for  mixtures  in  which  the  two  components  (A 
and  B)  have  very  different  relaxation  times 

4nd  “Cq  with  the  ratio  /Tg>  6  for  the  c^servable  reso'ution  (1).  This 
is  the  case  of  MMA  with  both  acceptors.  The  use  of  styrene  in  the  mixture  is 
also  acceptable,  because  it  is  a  non-polar  material. 

The  presence  of  the  second  high  -  frequency  absorption  region  (about 
100  GHz)  could  be  assigned  to  the  segmental  rotations  l.e.  the  internal 


.  28T* 


mobility  either  in  the  donor  or  in  the  acceptor  or  both  .  A  large  part  of 
this  region  lies  outside  the  capability  of  the  available  measuring  equipment 
which  may  lead  to  less  accturate  results. 

The  measured  values  of  the  relaxation  times  associated  with  the  first 
absorption  region  are  compared  with  those  calculated  either  from  the  sum  of 
the  two  components  of  the  Intensities  and  ,  where  the  X's  are  the 

mole  fractions  and  TT ' s  are  the  measured  relaxation  times 
of  the  individual  components  (  donor  and  acceptor  respectively),  or  from 
the  emperical  relation  proposed  by  Hadan  (2)  taken  into  consideration  the 
molecular  environments  ■ 

It  is  of  great  interest  to  notice  that  the  values  of  '^expal  are  higher 
than  the  calculated  ones  TT  calcd.  This  could  be  attributed  to  the  polar 
complexes  formed  by  the  interaction  between  donors  and  acceptors  which 
increases  the  molecular  volume  and  consequently  the  relaxation  time.  In 
order  to  find  an  expression  describes  the  complex  formation,  the  relative 
increase  in  .relaxation  time 

^expal  -  ^calcd  =  - 

T^calcd  "^calcd 

is  calculated.  It  is  interest  to  find  that  the  relative  change  increases 
with  increasing  the  donor  concentration  leading  to  an  Increase  in  the 
complex  formation.  This  result  is  supported  by  the  increase  in  the  apparent 
activation  energy  ah. 

From  the  values  of  ‘^Calcji  It  is  also  found  that  the 
complex  formation  decreases  with  increaaing  temperature  which  is  the  case  of 
association  in  alcohols.  These  complexes  are  expected  to  vanish  at  a 
temperature  not  too  far  from  40  c.  Also  it  is  reasonable  to  expect  that  the 
complex  formation  between  the  donor  and  acceptor  in  the  inert  solvent 
(carbon  tetrachloride)  is  higher  than  that  in  active  solvent  i.e.  benzene. 

A-C 

On  the  other  hand,  the  data  of  TTcalco/  indicated  that 
the  complex  formation  is  greater  in  case  of  using  styrene  as  a  non-polar 
donor,  rather  than  using  the  polar  donor  (methyl  methacrylate)  while  the 
complexes  formed  by  ODUI  is  greater  than  that  formed  by  NPMI. 

The  interaction  between  the  donors  and  acceptors  which  is  described  by 
the  relative  increase  in  the  relaxation  time  is  also  investigated  by  means 
of  dielectric  polarization  measurements  (2).  Despite  of  the  higher  values  of 
the  equilibrium  constant  (K)  obtained  here  compared  with  those  found 
spectrophotometrical ly ,  the  dielectric  method  is  considered  to  be  a  good 
indication  for  complex  formation. 

References  : 

(1)  M.P.  Madan.  Can  .  J.  Phys.  65  (1987)  1573. 

(2)  M.G.  Hikhael.  S.M.Hokhtar.  6.R.  Saad  and  H.n.  Maoum. 

J.Polym  Sci.  27  (1989)  185. 


•268  - 


p 


10  t ,  GHz 


Fig  ( 1 )  a- Absorption  curves  of  •  OOMI  and  o  MMA  and  the 
mixture  of  two  components  with  composition 
A  3:1,  a  1:1  and  x  13  in  CCl^  at  2o“C  . 
b- Fitting  the  data  of  ODMI  by  the  sum  of 
two  Debye  terms  . 
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ABSTRACT 

In  this  paper,  the  laser  Stark  spectrum  of  oxygen-18  substituted 
methyl  alcohol  has  been  studied  with  the  HCN  laser  operating  at  337 
um,  upto  a  d.c.  electric  field  of  about  41  KV/cm.  The  spectnim  has 

been  assigned  to  the  Jx  =9*  < —  105  transition  for  Ez  -  species  in 

the  torsional  vibrational  ground  state.  The  frequency  for  this  tran¬ 
sition  as  obtained  from  combination  relations  of  observed  absorption 
peaks  in  a  recently  recorded  Fourier  transform  far-infrared  (FIB) 
spectrum,  is  310  MHz  above  the  337  pm  laser  line  frequency.  From  the 
analysis  of  the  Stark  spectrum  at  low  electric  fields,  the  parallel 
component  of  the  electric  dipole  moment  is  obtained  as  0.898  (2)  Debye 
which  is  very  close  to  the  value  reported  for  the  parent  CHsOH 
species . 


•270 


Far  Infrared  foogiar  and  laaar  Stark  natstx» 


In  the  last  few  years  there  has  been  a  significant  interest  in 
the  spectroscopy  of  0-18  substituted  methanol,  mainly  because  of  the 
use  of  this  species  as  an  efficient  optically  pumped  FIR  laser  active 
medium  [1-2].  There  is  a  need  for  precise  value  of  the  electric 
dipole  moment  in  order  to  calculate  the  relative  strength  of  FIR  laser 
lines  and  to  calculate  the  Stark  tuning  of  the  frequency  of  the  laser 
emission  lines. 

In  this  work,  the  laser  Stark  spectra  of  CHs^BOB  have  been  re¬ 
corded  using  the  337  pm  laser  line  of  the  HCM  laser,  upto  a  maximvun 
d.c.  electric  field  of  about  41  KV/cm  for  both  parallel  and  perpen¬ 
dicular  polarizations.  The  experimental  details  can  be  found  in  Ref. 
(3). 


The  family  of  transitions  is  assigned  to  the  ground  state  transi¬ 
tion  Jk  =  9s  < —  105  Ez  n  :  0,  in  CH3i«0H,  whose  zero  field  frequency 
is  obtained  from  combination  relations  of  measured  FIR  absorption 
spectrum,  as  29.7126(5)  cm"i .  The  FIR  abosrption  spectra  were  re¬ 
corded  in  the  range  30-220  cm"i  by  using  a  BOMEM  Fourier  transform 
spectrometer  at  the  Herzberg  Institute  of  Astrophysics  in  Ottawa,  at  a 
resolution  of  0.004  cm”i .  A  sample  of  97.8%  enrichment  in  0-18  was 
used  and  was  supplied  by  MSD  isotopes  of  Canada.  The  sample  cell  was 
15  cm  long  and  was  fitted  with  high  density  polyethylene  windows.  The 
detector  was  a  liquid  helium  cooled  germanium  bolometer.  The  spectrum 
was  calibrated  by  means  of  water  vapor  absorption  lines  present  as 
contaminants.  The  spectrum  was  recorded  at  room  temperature  at  a 
pressure  of  about  2  torr.  The  uncertainty  in  the  frequency  of  un¬ 
blended  lines  is  estimated  to  be  on  the  order  of  +  0.0005  cm-i  . 

The  assignment  of  various  Stark  components  are  presented  in  Table 
1 .  The  Stark  shift  for  E-species  in  methanol  type  molecule  can  be  ex¬ 
pressed  as  [4-7]: 


Wst.rk  =  (A  +  BM2  )  E2  -  CUE 
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Where  E  is  the  d.c.  electric  field,  C  is  the  first  order  Stark 
co-efficient  given  approximately  by  p*K/J(J+l)  with  p*  as  the  com¬ 
ponent  of  the  electric  dipole  moment  along  the  near  symmetric  axis  of 
the  molecule  and  the  second  order  coefficients  A  and  B  are  related  to 
the  matrix  elements  of  the  direction  cosines  in  a  complicated  way. 

At  low  electric  fields  the  Stark  effect  is  essentially  first  or¬ 
der  in  nature.  From  the  observations  at  low  fields  the  parallel  com¬ 
ponent  of  the  electric  dipole  moment  is  obtained  as  ua  =  0.898  (2) 
Debye.  This  value  is  very  close  to  the  value  obtained  for  normal 
iZCHsOH  (3,6,7],  This  value  also  compares  very  well  to  the  values  ob¬ 
tained  by  J.C. Petersen  and  S.E. Choi  recently  by  means  of  double 
resonance  technique  [8] .  The  perpendicular  component  of  the  dipole 
moment  can  be  obtained  from  the  observation  at  high  electric  fields 
and  this  work  is  in  progress. 
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SUBMILLIMETER  MAGNETIC  AND  DIELECTRIC  PROPERTIES 
OF  THE  RARE-EARTH  ORTHOFERRITES 

AnzinV.B.,  Kozlov  G.V.,  LebedevS.P.,Mukhin  A.A.,  Prokhorov  A.S. 

Institute  of  General  Physics  of  Russia  Acad.  ScL,  38  VavilovSt.,1 17942Moscow,Russia 

The  rare-earth  orthoferrites  (  RFeO.i,  where  R  is  a  rare-earth  ion  or  yttrium)  have  proved  to 
be  an  interesting  class  of  weak  ferromagnets  (D2h^^-Pbnm  spase  group)  for  applicatons  and 
investigations  of  various  types  of  magnetic  interactions,  spin -reorientation  phase  transitions  and 
high  -frequency  phenomena  [  1  -4] . 

We  have  investigated  magnetic  and  dielectric  properties  of  the  orthoferrites  RFeOa  (R=Y,  Tm, 
Dy,  Gd,  Ho.  Er,  Tb)  at  submillimeter  (SBMM)  wavelengths  (v*»100-1000  GHz).  The  single 
crysmls  of  RFeOs  were  grown  by  float  zoning  with  radiative  heating.  Transmission  T  (v)  and  phase 
shift  't>(v)  spectra  of  the  a-,  b-,  c-cui  plane-parallel  plates  of  the  orthofeirites  were  measured  by 
the  subraillimeter  “Epsilon”  BWT  spectrometer [5] .  The  antiferromagneiic  resonance  (AFMR) 
modes  (quasiferromagnetic  (F)  and  quasiantiferromagnetic  (AF))  were  observered  in  ail 
orthoferrites  investigated  . 

Figure  1  presents  the  transmission  spectra  of  the  yttrium  orthoferrite  as  an  example.  The 
common  feature  of  such  spectra  is  the  presence  of  periodic  oscillations,  resulting  in  the  interference 
of  waves  inside  the  plane-parallel  plates  Besides  the  interference  oscillations,  the  spectra  T(v) 
contain  sufficiently  narrow  absorption  lines,  which  correspond  to  quasi-ferromegnetic  and  quasi¬ 
antiferromagnetic  AFMR  modes  according  to  the  excitation  conditions. 
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Fig.2.  Magnetic  spectra  of  YFeOa  Plate  (d“0.818  mm)  at  300K  near  AP  mode 


Using  experimental  dependences  T(v),d>(i')  the  spectra  of  the  permeability  are 

calculated  according  to  the  well-known  formulae  for  a  plane- parallel  plate  .The  dependences  £'('') 
and  £*(v)  were  obtained  using  the  oscillating  T(v)  curves  beyond  the  absorption  lines.  These  de¬ 
pendences  given  in  the  form  of  polynomials  were  next  interpolated  into  the  resonance  region.  The 
typical  results  of  such  measurements  are  shown  in  Fig.  2. 

The  magnetic  spectra  of  measured  orthoferrites  are  well  described  within  the  accuracy  of  the 
experiment  by  the  harmonic  oscillator  model  for  a  permeability  dispersion  ; 

1  +  (v^-vo^ivD ,  (1 ) 

where  vq  is  the  resonance  frequency,  F  is  the  linewidth,  A/i,  is  the  mode  contribution  to  the 
static  permeability,  k=x,y,z.  As  a  result,  for  determining  the  parameters  of  the  AFMR  modes  we 
usually  measured  the  transrission  spectra  only  a^d  then  fitted  them  by  least  squares,  using  a  simple 
model  of  a  damped  harmonic  oscillator  ( 1 ) . 


Fig.3  Transmission  spectra  of 

TmFeOa  plate  (</=2.7  mm)  at 
300  K  near  F  mode  in  the 
magnetic  field  H 1 1  c~axis. 


T 


At  room  temperature  for  all  orthoferrites  studied  by  us  at  SBMM  wavelengths  £'(v}=consi  and 
t'Xv]  is  a  linear  function  of  frequeancy.Tables  I  and  2  present  the  values  of  some  dielectric 
parameters  of  the  orthoferrites  at  AFMR  frequencies  and  parameters  of  the  AFMR-modes. 

We  have  also  studied  the  AFMR-mode  behaviour  in  the  magnetic  field  HI  Imt  !c-axis.  Fig. 3 
shows  the  resonanse  frequency  increase  in  the  magnetic  field  for  TmFeOa. 

Thus,  the  orthoferrites  are  the  materials  possessing  in  the  SBMM  range  very  high-quality  magnetic 
and  dielectric  parameters.  As  the  dielectric  materials  they  are  weakly  absorbing  at  5BMM  wavelengths 
(small  angular  dielectric  loss  tangent),  having  high  refractive  indices  and  birefringence.  As  the  magnetic 
materials  rare-earth  orthoferrites  possess  narrow  high-quality  resonance  lines  and  high  linear  coupling 
coefficients  between  the  AFMR  frequencies  and  the  external  magnetic  field. 

Table!.  Dielectric  parameters  of  the  orthoferrites  at  300K  near  AFMR  frequencies 


F-mode  AFMR  AF-mode  AFMR 


Crystals 


Cz' 

£,.• 

Ey' 

Hy 

tgdy 

YFeOa 

25.4 

0.04 

5.04 

0.0016 

21.9 

0.09 

4.68 

O.OOJ 

TmFeOj 

27.8 

0.50 

5.27 

0.018 

22.2 

0.26 

4.71 

0.012 

DyFeOs 

26.2 

0.26 

5.12 

0.010 

24.0 

0.20 

4.90 

0.008 

GdFeOj 

24.7 

0.13 

4.97 

0.005 

23.5 

0.12 

4.85 

0.005 

HoFeOj 

26.2 

0.23 

5.12 

0.009 

22.8 

0.17 

4.78 

0.007 

ErFeOs 

26.2 

0.14 

5.12 

0.005 

23.3 

0.14 

4.83 

0.005 

TbFeOa 

26.0 

0.25 

5.10 

0.01 

24.0 

0.26 

4.90 

0.01 

T  a  b  I  e  2.  AFMR-mode  parameters  of  the  orthoferrites  at  300K. 
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YFe03 

299.4 

0.9 

8 

0.27 

526.8 

2.1 

7.5 

0.19 

TmFeOa 

402 

7.5 

8.5 

0.04 

698 

8.4 

9.0 

0.075 

DyFe03 

379.5 

10.5 

9 

0.03 

510 

10.5 

7.0 

0.034 

GdFeOj 

305 

12 

8 

0.02 

605.7 

12.9 

8.0 

0.037 

HoFeOj 

378 

15 

8 

0.02 

597 

9.0 

7.5 

0.051 

ErFeOa 

377 

8 

8 

0.04 

673 

7.0 

8.0 

0.077 

TbFeOj 

322 

20 

8 

0.013 

537 

15. 

6.5 

0.023 
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Thus,  the  orthoferriies  are  the  materials  possessing  in  the  SBMM  range  very  high-qualiri 
magnetic  and  dielectric  parameters.  As  the  dielectric  materials  they  are  weakly  absorbing  at  5BMM 
wavelengths  (small  angular  dielectric  loss  tangent),  having  high  refractive  indices  and 
birefringence.  As  the  magnetic  materials  rare-earth  orthoferrites  possess  narrow  high-quality 
resonance  lines  and  high  linear  coupling  coefficients  between  the  AFMR  frequencies  and  the 
external  magnetic  field. 

We  have  also  investigated  RJFeOa  (R*Y,Tm,  Dy,  Ho,  Er)  in  the  wide  temperature  range 
T=4.2-300K.  At  low  T  we  revealed  in  TmFeOa,  HoFe03  and  ErFeOa  orthoferrites  not  only  two 
narrow  AFMR  modes  of  the  Fe-subsystem  but  also  several  wide  absorpsion  linpjt  identified  as  the  rare- 
earth  modes  which  are  caused  by  electronic  oransitions  inside  the  Tm^,  Er^,  Ho^  ion  ground 
multiplets.  We  have  found,  that  among  these  transitions  not  only  magnetodipolar,  but  also  the 
electrodipolar  ones  take  place  for  TmFeOj  [2].  The  temperature  dependences  of  the  resonance 
frequencies,  linewidths  and  mode  contributions  to  the  static  permeability  and  permittivity  were 
derived  An  increase  (up  to  J0%)  in  the  quasistatic  dielectric  permittivity  along  c-axis  in  TmFeOj  was 
observed  at  low  7,  resulting  from  an  appreciable  contribution  of  the  electrodipolar  rare-earth  modes  in 
Tm^. 

Unusual  and  complicated  behaviour  of  the  magnon  modes  were  found  in  TmFeOs,  ErFeOa, 
DyFeOa,  HoFeOa,  which  manifested  near  spin-reorientation  phase  transitions  in  softening  of  the 
AFMR  modes  and  interaction  with  the  rare-earth  modes. 

We  have  developed  a  theory  describing  all  variety  of  dynamical  properties  observed  in  the 
orthoferrites  with  various  rare-earth  ions.The  theory  is  based  on  a  use  of  a  general  linear  response 
of  the  R-subsystem  with  respect  to  a  high-frequency  external  magnetic  field  and  aitisotropic 
exchange  fields  of  the  Fe-subsystem. 

As  a  result,  the  dynamics  and  static  magnetic  properties  of  the  orthoferrites  Investigated  (for 
example,  the  presence  SRPTs  and  resonance  mode  behaviour  were  consistently  described.  We  have 
obtained  a  good  agreement  between  the  experimental  and  calculated  temperature  dependences  of 
the  resonance  frequencies  and  other  mode  parameters  of  the  orthoferrites  investigated. 
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THE  MICROWAVE  PHOTOCONDUCTIVITY  OF  rt  GAPLESS  SEMICONDUCTORS 
PRODUCED  AS  A  RESULT  OF  FORMATION  OF  AN  ENERGY  GAP 


S .G.Gasan-zade,  E.A.Salkov  and  G . A . Shape Isky 

lustitute  of  Semiconductors  of  Ukraine, 
Kiev.  252650.  Ukraine. 


In  gapless  semiconductors  (GS)  the  bottom  of  the  conduction  band 
touches  the  top  of  -the  valence  band  and  the  impurity  states  inevitably 
land  in  an  energy  spectral  region  that  corresponds  to  allowed  energy 
states  of  perfect  crystal.  The  band  structure  of  GS  of  the  type  of  ^the 
Hgi-xCd»cTe  was  explained  in  terms  of  the  inverse  band  model.  The  dege¬ 
neracy  of  the  bands  Fa  is  connected  with  crystal  symmetry  and  extremum 
of  the  Fa-  term  may  be  located  below  the  Fa  for  x  <  Xci=0.16  (T=4.2R>. 
Application  of  external  perturbation  (magnetic  field,  strain  etc.) 
leads  to  creation  of  an  energy  gap  in  point  Fe  (k  =  0)  and  changes 
physical  characteristics  of  GS .  In  this  paper  we  consider  the 
photoconductivity  (PC)  of  gapless  Hgi-xCdxTe  which  in  far-infrared  up 
to  millimeter  range  arising  as  a  result  of  opening  of-  an  energy  gap  by 
magnetic  field  or  uniaxial  stress. 

Quantization  of  the  electrcr.  spe-?crum  in  a  magnetic  fielci  gives 
rise  to  Landau  subbands  of  electrons  and  holes.  In  the  case  GS 
Hgi-xCdxTe  energies  of  Landa-j  suboands  increase  linearlv  witn  maenetic 
fisic  and  energy  gap  betwee."  cor.cuctic.-.  oanc  and  valence  band  ir 
created.  The  expression  for  tne  gac  in  magnetic  field  S'CH)  may  oe 
written  as  »  ,  ,  ^  e  H 

V 


Thus  the  gap  §(K)  is  determined  by  the  displacement  of  the  lower 
electron  subbarid  only.  A  simplified cscheme  ciscribing  the  variation  of 
tne  electron  spectrum  in  a  magnetic  field  with  allowance  acceptor 
state  £a  in  conduction  band  is  given  in  fig.l.  The  field  He  is 
defermined  by  the  equality  S'(H)=£a  i .  e .  when  H>Hc  the  resonance  ac¬ 
ceptor  level  enters  into  the  magnetic  field  induced  gap.  In  the  gapless 
state  CH=0)  interband  PC  is  negligible  due  to  the  high  recombination 
rate.  The  opening  of  an  energy  gap  must  lead  to  the  appearance  of 
interband  PC  in  wide  spectral  range  as  a  function  of  magnetic  field. 
We  have  previously  reported  the  results  of  study  of  interband  PC  in 


infrared  range  [1].  Here  we  have  considered  PC  in  niiliaeter  wave 
range,  when  photosignal  is  a  result  of  transition  of  electrons  on 
acceptor  states. 


Fig.l  Transformation  of  the  band  structure  for  gapless 
Hgi-xCdxTe  in  a  magnetic  field. 

In  normal  semiconductors  microwave  PC  is  determined  by  the  free 
electrons’  heating  (^-PC).  Conductivity  of  gapless  Hgi-xCdxTe  changes 
as  result  electron  heating  (changes  of  mobility)  and  as  result  of 
change  of  electron  concentration; 


In  absence  H  the  second  component  is  negligible  and  PC  is  >»-PC. 
When  magnetic  field  readjust  the  magnitude  of  Hr  =  2hc(3nn)2''Ve  and 
the  last  Landau  level  approachs  to  Fermi  level,  the  conductivity  is 
determined  by  the  freez-out  of  electrons  on  the  acceptor  states.  In 
this  case  concentration  member  is  dominant  in  microwave  PC.  It  is 
evident  from  fig. 2  experimental  field  dependence  of  PC  in  millimeter 
wave  range  have  a  high  maximum  at  the  H=Hf.  The  results  ■  of  the 
experiments  with  uniaxial  stress  are  interpreted  in  terms  of  the 
formation  of  an  energy  gap  due  to  the  lifting  of  the  degeneracy  of  the 
Te  band  by  lowering  the  symmetry  of  the  crystal  lattice.  We  have 
studied  the  compaund  Hgi-xCdxTe  with  x=0,155  (  £*  =  -13±5  meV)  under 
a  uniaxial  compression  up  to  P  =  3,5  kbar  in  the  temperature  range 
1,7  -  77  K.  Deformation  dependence  of  the  Hall  coefficient  Rh  and 
resistivity  ^  has  some  peculiar  features.  Reversal  of  the  sign  of 
Rh(P)  indicates  that  in  the  region  of  maximum  strain  the  conductivity 
is  determined  by  the  free  holes  whose  mobility  and  hence  the  effective 
mass  approximaly  equal  to  electron  masses  (when  P  =  0  one  usually 
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Fig. 4  Microwave  PC  of  Hgi-xCdxTe 
(x« 0,155)  with  uniaxial  defornation. 
A  =8  nm.  T=4.2K 


effective  Basses.  The  fornation  of  an  energy  gap  under  action  uniaxial 
Stress  leads  to  the  appearance  of  nicrowave  PC. 

tiotice  that  curve  of  defornation  dependence  of  PC  have  the 
naxinuB  (fig. 4),  when  P^Po  and  Ferai  level  coincide  with  the  botton  of 
the  conduction  band. 


1.  S .G.Gasan-zade ,  V.A.Roaaka,  E.A.Sal'kov  and  G. A. Shepelsky 
-  Pis'Ba  Zh . Eksp .Teor .Fiz . ,  v.39.  No. 12,  p. 553-556  (1984). 
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EFFECT  OP  THE  MAGNETIC  FIEtD  ON  THE  POLARIZATION 
OF  THRRIiAT.  EMISSION  FROM  AN  ISOTROPIC  SEMICONDUCIORS 

A.G.Kollyukh  and  V.A.Morozhenko 

Institute  ol  seniconductors,  Ukrainian  Academy  of  Sciences,  Kiev 

Studies  of  thermal  emission  that  enable  one  to  obtain  an  informa¬ 
tion  about  the  properties  of  semiconductors  are  carried  out  extensive¬ 
ly  in  the  last  few  years  [1 ]. 

In  the  present  worlc  ati  effect  of  the  magnetic  field  on  polarizati¬ 
on  characteristics  of  thermal  emission  from  an  isotropic  semiconductors 
is  first  investigated. 

Consider  a  thermal  emission  from  the  heated  s«Diconductor  platelet 
with  a  thickness  d.  As  well  known,  if  an  angle  of  incidence  cp  is  diffe¬ 
rent  from  the  rlfflt  angel,  the  reflection  coefficients  of  «nlsslon 
polarized  in  parallel  <p>  and  transversely  (s>  to  the  plane  of  inciden¬ 
ce,  are  different.  As  a  result,  the  non-polarized  beam  of  thermal  emis¬ 
sion,  that  Interacts  with  a  semiconductor  surface,  is  divided  into  two 
partially  polarized  beams,  those  are:  the  outgoing  thermal  emission 
with  a  dominating  p-component 
of  polarization  and  the  inter¬ 
nal  emission  with  a  domlnan- 
tlng  s-component  (see  an  in¬ 
sert  in  rig.1 ).  It  may  be  sup¬ 
posed  that, at  sufficiently  we- 
^  absorption,  a  field  of  wave 
with  2  dominating  s-polarlza- 
tlon  exists  in  platelet.  If 
the  magnetic  field  B  is  appli¬ 
ed  collinearly  to  propagation  _ 


•«2* 


direction  oi  reflected  waves  inside  of  the  crystal,  the  pciarizaticn 
plane  of  these  waves  will  be  rotated  throng*  an  angle  p  (faraday 
effect).  This  effect  is  described  by  the  following 
relation  [2) 

Ne  BdX 

^  SiTc^s^ndn  * 

where  N  and  m**  are  the  density  and  effective  mass  of  free  charge 
carrier  ers  respectively.  A,  is  the  wavelength  of  radiation  observed,  n 
is  refractive  index. 

Under  these  conditions,  the  s-polarized  waves  interact  with  a  se¬ 
miconductor  surface  at  changed  intensities  of  s-  and  p-components  of 
emission  which  intensities  are  determined  by  the  angle  p  (see  (l)). 
Thus,  a  redistribution  of  intensities  of  reflected  and  refracted  emis¬ 
sion  occurs  and  this  redistribution  shows  up  as  the  change  in  the  deg¬ 
ree  of  polarization  of  the  emission  observed.  Talcing  into  account  one 
event  of  reflection,  the  intensity  of  outgoing  emission  may  be  presen¬ 
ted  as 

=Q(1-R,  ..XR^  ^exD(-Kd)cos“(p)+R„  ^exp(-kd)sins^(p)+1 )  (2) 

where  is  the  reflectivity,  k  is  the  abscrptic  :  coefficient,  Q  is 
the  Plank  function. 

It  follows  from  (2)  that  the  degree  of  polarization  of  outgoing 
beam,  determined  as  D=(I  -I  )/<I  +I  ),  has  an  oscillating  character 

^  .A  ^ 

under  the  magnetic  field. 

Pig.  2  presents  the  numerically  calculated  degree  of  polarization 
as  a  function  of  the  magnetic  field  for  a  n-InSb  crystal.  The 
multiplied  reflection  have  been  taken  into  account.  Dispersion  of  ab¬ 
sorption  is  considered  according  to  [31.  It  is  found  that  the  maximal 
change  of  D(B)  occurs  at  the  Brewster  angle  for  the  s-polarized  beam. 
Because  of  this,  all  calculations  are  made  :)ust  for  this  angle. 
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Curves  1 .2  show  the  plots  D(B)  for  a  monochromatic  emission  with 
a  wavelength  7,11  and  I6|jun,  respectively.  Curve  4  presents  the  value  of 


3(B)  for  the  Integral  thermal 

emission  over  the  band  from 

1.0 
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oscillations  disappear  in  D(B) 

for  the  case  of  integral  ther- 

Fig.2 

aal  emission  (curve  4).  This  may  be  understood  taking  into  account  not 
only  the  dependences  of  p  and  of  absorption  coefficient  on  \  but  also 
the  dependence  of  Plank  function  on  Indeed,  the  rising  r^ion  of 
the  D(B> -dependence  is  dominating  at  small  B  and  then,  with  increasing 
B,  the  contribution  of  different  dependences  D(B)  with  a  phase  mismatch 
are  mixed  and,  as  a  result,  fee  degree  of  polarization  becomes 


iotependent  of  the  magnetic  field. 

We  have  studied  experimentally  the  non-oriented  plane-parallel 
polished  n-InSb  platelets,  0,5x1 ,6x0,01 7cm  in  size,  with  a  density  of 
Boncompensated  impurity  n=l  ,6. 10^®cm'^.  The  angle  between  the  normal  to 


a  wide  surface  (that  emitted  radiation)  and  the  magnetic  field 
direction  was  14°  (a  Brewster  angle)  and  we  observed  emission  at  the 
angle  of  76°. The  sample  temperature  31  OK  was  held.  Non-cool ed  pyroele¬ 
ctric  photodetector  was  used. 

Tig. 3  shows  experimentally  ob¬ 
tained  degree  of  polarization  of 
thermal  emission  as  a  function  of 
the  magnetic  field.  Curve  1  de¬ 
monstrates  this  dependence  obser¬ 
ved  over  a  narrow  spectral  band 
16^0,^  while  curve  2  shows  such 
a  dependence  for  an  integral  emi¬ 
ssion  measured  in  a  region  from  7 
to  11pm. 

As  could  be  expected,  these  dependences  are  non-mono  tonic  and 
their  agreement  with  calculated  one  is  rather  good.  The  fact  that 
e^qjerimentally  obtained  values  are  lower  than  the  predicted  values  may 
be  connected  with  a  finite  angular  aperture  under  measurement 
conditions,  from  the  analysis  of  calculated  and  experimental  data  the 
electron  effective  mass  m*=0,03lm  is  obtained.  This  value  check  well 
with  those  obtained  previously  by  the  other  methods. 


1.  V.K.Malyutenko,  Infrared  Phys.  v.32,  291,  1991. 

2.  T.o.Moss,  G.J. Burrell.  B.Illis,  Semiconductor  Opto-Ilectronics. 
Butterworth  &  Co.  Ltd.  1973. 

3.  f.G.Spltzer.  H.Y.Pan,  Phys.  Rev.  v.106,  882.  1957. 
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TRANSMISSION,  REFLECTION  AND  ABSORPTION  IN  TRUNCATED  SUPERLATTICE 


R.Brazis  and  L. Safonova 

Institute  of  Semiconductor  Physics,  Gostauto  11, 
2055  Vilnius.  Lithuania 


Introduction 

Periodic  layered  structures  are  known  to  support  a  variety  of 
electromagnetic  modes  [1,2].  Some  of  them  are  encountered  in  separate 
single  layers,  whereas  the  other  are  characteristic  of  periodic 
structures,  e.g.,  the  bulk  modes  [3]  which  ate  describable  in  terms,  of 
dielectric  function  of  an  effective  homogeneous  polarizable  medium. 
However,  the  effective  medium  model  is  expected  to  fail  when  the 
superlattice  spatial  period  is  comparable  with  the  wavelength,  and/or 
the  number  of  periods  is  small. 

This  work  is  aimed  to  show  that,  besides  the  above  modes, 
truncated  superlattices  exhibit  a  non-reciprocity  in  reflection  and 
absorption.  Magnetic  field  induces  additional  non-reciprocity  effects, 
which  are  comparable  to  those  arising  due  to  the  finite  size  of  the 
structure . 


Model  description 

Let  us  consider  p-polarized  electromagnetic  wave  incident  on  a 
multilayer  structure  consisting  of  alternating  semiconductor  and 
insulator  layers  in  d.c.  magnetic  field  which  is  parallel  to  the 
layers,  and  normal  to  the  plane  of  incidence.  Suppose  that  the 
interfaces  are  flat,  with  the  step-like  carrier  density  profile. 
Seeking  for  the  transmission,  reflection  and  absorption  coefficients  we 
will  use  two  approximations. 

(i)  Transmitted  and  reflected  electric  and  magnetic  fields  of  the  wave 
in  each  layer  obey  the  conditions  of  tangential  component  continuity  at 
each  interface,  and  resulting  fields  are  calculated  including  a 
layer-by-layer  computing  algorithm; 

( ii)  The  truncated  periodic  structure  is  thought  as  a  single 
homogeneous  anisotropic  layer,  and  the  transmission,  reflection  and 
absorption  coefficients  are  calculated  using  an  effective  dielectric 
tensor  of  the  structure. 

In  both  cases  a  recurrent  formulas  for  the  complex  reflection  and 
transmission  coefficients  are  used. 
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In  the  case  (i)  the  dielectric  functions  are 


£  ^  £  z:  £  ( 1-co  /(oj-o))),  const .  , 

XX  yy  L  p  c  '  xy  yx  Upe  c  2 

where  w  is  the  free  carrier  plasma  frequency,  w  is  the  cyclotron 

P  C 

frequency  in  d . c . magnetic  field  B  ,  «  is  the  semiconductor  dielectric 

O  Ii4 

constant . 

In  the  case  (ii)  the  dielectric  functions  are  [3] 
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the  period  of  the  structure. 

As  a  result,  the  effects  of  structure  truncation,  and  the  validity 
of  an  effective  medium  model  are  to  be  determined.  The  effective  medium 
approximation  is  to  be  applied  to  the  cases  when  the  first, 
layer-by-layer,  calculation  technique  is  not  applicable. 


Results 


Let  us  consider  first  the  case  of  normal  incidence  on  a  finite 
periodic  structure  employing  detailed  layer-by-layer  calculation,  as 
defined  in  Section  (i). 

It  is  noticeable  that  the  transmission  coefficient  T  does  not 
depend  on  the  direction  of  incident  wave  (Fig.l).  The  reflection  R  and 
absorption  A  coefficients  differ  considerably  for  the  cases  of  forward 
(1)  and  backward  (2)  incidence  (Fig.l, a).  The  non-reciprocity  of 
reflection  and  absorption  is  enhanced  or  suppressed  depending  on  the 
magnitude  of  applied  magnetic  field.  Non-monotonous  behaviour  of 
and  A(B^)  is  caused  by  superposition  of  several  factors,  like 
magnetoplasma  cut-off,  and  the  Fabry-Perot  resonances  of  the 
extraordinary  Voigt  mode,  or  the  stop-  and  pass-  bands  of  super lattice . 

Let  us  consider  now  the  same  structure  using  the  effective  medium 
model.  The  structure  is  thought  now  as  a  homogeneous  slab  characterized 
by  the  dielectric  constant  c.  This  approach  does  not  account  for  the 
structure  asymmetry  failing  to  show,  therefore,  the  non-reciprocity  of 
reflection  and  absorption  (Fig.l,  dashed  lines).  In  spite  of  proper 
description  of  general  features,  this  model  does  not  predict  some 
important  peculiarities  of  reflection,  transmission  and  absorption  in 
magnetic  fields.  The  predictions  of  the  effective  medium  model  are  seen 
to  improve  for  wavelengths  significantly  exceeding  the  spatial  period 
of  superlattice  (Fig.l,b).  Note  that  now  both  the  layer-by-layer  and 
the  effective  medium  appoximations  predict  the  same  cut-off  and 
resonance  positions.  The  non-reciprocity  effects  are  seen  to  cease. 
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As  far  as  the  applicability  of  the  effective  medium  model  is 
justified,  it  is  of  interest  to  use  it  in  configurations  which  are 
difficult  to  treat  exactly.  Let  us  consider  the  structure  with  the 
layers  oriented  at  the  angle  of  n/4  (Fig-T).  Wave  transmission  through 


Fig.  2.  Magnetic-field  dependence  of  transmission .  1=3,85  mm,  d^=  200  pa 
,  (InSb,  n=2-  10^*ca'^ d^=500  pa  (Al^O^),  f=37,5  GHz  (a),  50  GHz  (b). 

the  structure  is  calculated  using  Fresnel  formulas  with  the  dielectric 
tensor  c  transformed  according  to  the  angle  of  layer  inclination.  The 
calculated  T(B^)  dependence  (Fig. 2,  dashed  lines)  exhibits  a  pronounced 
minimum  related  to  the  excitation  of  bulk  modes  [3],  Experiments  on  the 
structure  (Fig. 2,  solid  lines)  confirm  the  existence  of  the  resonance, 
although  the  experimental  minimum  is  shallow  compared  to  the  calculated 
one 

Conclusions 

Electromagnetic  response  of  truncated  periodic  structures  exhibit 
non-reciprocity  effects,  as  well  as  magnetically  controlled  resonances, 
which  are  observable  in  reflection,  absorption,  and  transmission.  These 
effects  may  arise  both  in  millimeter  wave  region  and  in  the  far 
infrared  device  structures. 
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DIELECTRIC  CHARACTERIZATION  OF  MATERIALS  AT  SUBMILLIMETER 
WAVELENGTHS  USING  BWO  SPECTROMETERS 


Anzin  V.  B.,  Goncharov  Yu.  G.,  Gorshunov  B.  P..  Kozlov  G.  V..  Lebedev  S.  P.  Volkov  A.  A. 
Institute  of  General  Physics,  Russian  Academy  of  Sciences,  Vavilov  str.  38,  117942,  Moscow,  Russia 


Just  as  the  visible  Light,  radio  waves  or  microwaves,  the  submillimeter  (SBMM)  radiation 
(A  *  0.3  -r  3  mm,  vs'S  -?•  33  cm'')  has  its  own  important  areas  of  industrial,  scientific  and  medical 
applications.  At  present,  however,  the  majority  of  these  are  practically  virgin,  because  of  the 
absence  of  the  available  SBMM  radiation. 

Owing  to  the  development  in  Russia  of  special  sources  of  the  SBMM  radiation,  the  miniaturized 
backward-wave  oscillators  (BWO),  it  has  become  possible  to  build  a  unique  SBMM  BWO- 
spectrometers,  which  combine  the  most  significant  merits  of  both  infrared  spectroscopy  and 
microwave  technique  [Ij.  Like  lasers,  the  SBMM  BWOs  produce  beams  of  polarized  monochro¬ 
matic  radiation  of  high  spectral  intensity,  whose  operating  frequency,  in  addirion.  is  continuously 
tunable  in  a  broad  range.  It  is  due  to  the  BWO-spectrometers  that  the  direct  wide-band 
measurements  of  dielectric  and  magnetic  spectra  of  substances  became  possible  for  the  first  time  at 
the  SBMM  waves.  As  a  result,  various  substances  and  physical  phenomena  are  now  accessible  for 
fundamental  and  applied  research  in  the  SBMM  wavelength  range  (1,2]. 

In  this  report  we  outline  the  abilities  of  the  SBMM  BWO-spectroscopy  in  the  material  science. 

The  idea  of  the  measurements  and  its  realization  in  quasioptical  spectrometer  «Epsilon*  are 
shown  in  Fig.  1.  In  general,  the  SBMM  properties  of  different  materials  are  dependent  stromgly  on 


Characteristics  of  the  BWO  spectrometer 

operating  range  10*'  -J-  lO’^  Hz.  A  -  3-^0.3  mm 

dynamical  range  Imax/Imm  - 

frequency  resolution  Av/v -0.0001 

degree  of  polarization  ~  99.99% 

samples  plane-parallel  plates 


Fig.  1.  Characterization  of  the  dielectric  measurements  by  quasioptic  BWO  spectroscopy. 
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Fig.  2  Dielectric  properties  of  usual  materi¬ 
als  at  frequency  300  GHz 
(A  *  1  mm,  room  temperature). 
a  —  absorption  coefficient; 
e'  -  dielectric  permittivity; 


Fig.  3  Variation  of  the  SBMM  dielectric  prop¬ 
erties  of  the  water-acetone  mixture  in 
dependence  of  composition 


T 


Fig.  4  Transmittivity  of  chemically  identical 
porous  ceramics  (curves  1-4)  with 
different  size  of  pores  (0.5  0.8  mm. 


their  chemical  composition,  aggregate  state,  micro-  and  mesostructure,  symmetry:  topology,  etc. 
Fig.2  shows  how  broad  the  range  of  these  properties  ts.  In  most  cases  the  SBMM  radiation  easily 
penetrates  through  the  samples  of  thickness  of  1  5  mm,  convenient  for  handling. 

Fig.  3  presents  the  explicit  dielectric  «passport»  of  the  water-acetone  mixture.  One  can  clearly 
see  the  pronounced  dependence  of  the  SBMM  dielectric  properties  of  the  mixture  on  its 
composition.  This  correlation  offers  a  method  of  contactless  characterization  of  water  solutions. 

Figs.  4  and  5  demonstrate  the  sensitivity  of  the  SBMM  radiation  to  the  internal  structure  of 
materials.  The  figures  ’■efer  to  two  substances,  a  commercial  porous  ceramics  and  SiOa  (quartz) 
samples  in  three  different  modifications.  In  both  cases  the  SBMM  radiation  evidently  distinguishes 
identical  in  outward  appearence  samples,  revealing  substantially  different  values  of  transmittivity 


•  291  • 


10’’ 


10-" 


10-" 


10^ 

100  300  500  700 

v.GHz 

Fig.  5  SBMM  absorption  of  quartz  in  three  different 
stales  —  single  crystal,  glass  and  aerogel. 

and  absorptivity.  The  abrupt  decrease  of  transmit- 
tivities  in  Fig.4  is  due  to  SBMM-radiation  scatter¬ 
ing  by  pores  of  different  sizes.  Much  more 
profound  is  the  changing  of  the  SBMM  absorption 
in  quartz:  crystal,  glass  and  aerogel  (Fig.5) .  Low 
density  Si02  (aerogel) ,  which  is  only  5%  as  dense 
as  the  bulk  crystal  or  glass,  reveals  a  giant 
absorption  compared  with  that  of  crystalline  or 
glass  Si02.  This  phenomenon  is  not  yet  fully 
understood.  Nevertheless,  the  general  result  (the 


o  0 

Fig.  6  The  «phase  portraiu  of  the  paper 
letter  «R»  registered  by  radiation 
with  A  =  i.5  mm. 


0 

Fig.  7  Two-dimensional  e'  profile  over  the  plane 
of  the  boron  nitride  industrial  plate. 


smallest  density  of  the  sample  corresponds  to  the  highest  the  SBMM  absorptivity)  is  highly  striking 
and  promising  for  application. 


Having  shorter  wavelength  compared  with  radio  and  microwaves,  the  SBMM  radiation  has  a 


great  advantage  for  introscopy.  SBMM  spectrometers  allow  to  perform  local  (in  plane  of  the  sample, 
which  can  be  either  a  plane  parallel  plate  or  a  film  on  the  substrate)  measurements,  mapping  the 
dielectric  parameters  with  a  spatial  resolution  of  about  1  mm  (Figs,  6  and  7).  The  sensitivity  of  the 
BWO  interferometric  methods  is  high  enough  to  detect  the  inhomogeneity  of  the  optical  thickness 
down  to  10  urn. 


The  following  examples  (Figs.  8  and  9)  are  devoted  to  the  problem  of  the  SBMM 
characterization  of  the  materials  used  in  radioelectronic  industry.  Fig. 8  demonstrates  a  method  for 
distinguishing  between  fundamental  and  technological  absorption  mechanisms  in  the  high  Q-factor 
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Fig.  8  SBMM  dielectric  constants  of  the  mgh  Fig.  9  Density  of  free  carriers  distribution  in  semi- 
Q-factor  industrial  microwave  ceramic.  conductor  plate  of  Si  used  in  microelec¬ 

tronics  (roistered  at  A"  1.5  mm>. 


microwave  ceramics.  In  this  case  the  SBMM  dielectric  constants  measured  by  BWO-spectrometers 
are  of  great  importance,  setting  the  level  of  fundamental  losses  for  the  microwave  region. 

When  testing  semiconductors  the  SBMM  approach  is  a  local,  contactless  and  nondestructive  one 
in  contrast  to  conventional  methods,  based  on  Hall  effect,  four-probe  technique,  etc.  Fig.  9  shows 
the  two-dimensional  pattern  of  the  distribution  of  the  charge  carrier  density  in  commercially 
produced  silicon  plate.  The  panorama  is  calculated  on  the  basis  of  the  SBMM  local  transmission  and 
phase  spectra. 

In  summary,  by  a  few  seleaed  examples  we  have  demonstrated  the  abilities  of  the  submillimeter  BWO 
spectrometers  in  materials  characterization.  The  spectrometers  allow  measurements  of  dielectric  and 
magnetic  parameters  of  practically  any  kind  of  material  at  frequencies  3  ^  33  cm'’  in  the  temperature 
interval  5  1000  K  as  well  as  local  sensing  with  spatial  resolution  of  about  1  mm. 
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CHARACTERIZATION  OF  MILLIMETER-SUBMILLIMETER  FILTERS 
BY  USE  OF  BWO  SPECTROMETERS 

Anzin  V.B.,  Goncharov  Yu.G.,  Gorshunov  B.P.,  Kozlov  G.V.,  Lebedev  S.P.,  Volkov  A.A. 

Institute  of  General  Physics,  Russian  Academy  of  Sciences,  Vavilov  Str.  38,  117942,  Moscow,  Russia 

Along  with  the  mastering  of  millimeter  (MM)  and  submillimeter  (SBMM)  spectral  ranges  for  the 
purposes  of  spectroscopy,  the  problem  of  construction  of  different  filtering  systems  is  becoming 
increasingly  important.  By  analogy  to  optical  units,  various  MM-SBMM  high-,  low-  and  band-pass 
filters  can  be  developed  using  metallic  grids,  meshes  or  dielectric  layers  as  elements.  However,  the 
characterization  of  these  constructions  by  measuring  their  electrodynamic  properties  is  not  so  easy 
and  trivial  for  conventional  spectroscopic  techniques. 

In  this  report  we  discuss  the  abilities  of  Backward- Wave-Oscillator  spectrometers  [1] ,  developed 
in  the  Institute  of  General  Physics  of  the  Russian  Academy  of  Sciences,  for  studying  the 
electrodynamic  properties  of  the  SBMM  filters.  (Some  details  of  the  method  of  BWO-spectroscopy 
and  related  references  see  in  the  repon  of  Anzin  V.B.  et  ai,  contributed  to  this  Conference). 

BWO-spectroscopy  is  a  nonconventional  technique  of  far-infrared  spectroscopy,  which  employs 
a  radiation  «of  high  quality*  —  intensive,  monochromatic,  polarized  and  frequency  tunable.  The 
working  frequency  range  of  the  technique  is  lO"  -i-  lO'^  Hz.  In  this  spectral  range  the 
BWO-spectroscopy  is  nearly  the  only  one,  giving  the  possibility  of  reliable  and  detailed 
investigation  of  the  characteristics  of  the  filters.  Figs.  1  -  4  present  a  few  typical  examples  of  the 
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Fig.l.  Transmittivity  vs  frequency  of  the  tandem  of  two  wire-grid  Fabry-Perot  interferometers 

(high-contrast  band-pass  filter).  The  filter  separates  two  closely  situated  SBMM  laser  lines 
of  frequencies  fi  =  8.21  cm'*  and  (2  *  8.32  cm■^ 
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BWO-charaaerization  of  the  filters.  We  note  that  in  two  cases  (Figs.  1  and  4)  the  fUters 
developed  in  our  laboratory  for  special  purposes: 

1)  Separation  of  the  two  closely  situated  SBMM  laser  lines; 

2)  Express  measurement  of  the  wavelength  of  the  SBMM  radiation  (filter-A-meter) . 


Transmittance 


Fig.3.  Transtnittivity  vs  frequency  of  the  band- pass  mesh  filter. 


frequency,  cm 


transmittivity 


Fig.4.  Transmittivity  vs  frequency  of  the  plane-parallel  plates  made  of  a  dielectric 
with  low  reflectivity,  R  =  7%  and  absorption  coefficient  a  -  47rk/A  pro- 
potional  to  frequency,  where  k  =  const  «  0.05.  Due  to  the  single-valued  rela¬ 
tion  between  transmittivity  and  wavelength  the  filter  is  used  as  A-meter. 


Acknowledgement 

We  are  grateful  to  Dr.  F.  Keilmann  from  Max  Plank  Institute.  Stutgan,  for  stimulating  this  work, 
frnitful  discussions  and  collaboration. 


Reference 

1.  A.A.  Volkov,  YiLG.Goncharov,  G.  V. Kozlov,  S.P. Lebedev,  A. M. Prokhorov. 
Dielectric  measurements  in  the  submillimeter  wavelength  region. 

Infrared  Physics,  vol.  25,  Ne  1/2,  p.369,  1985. 


•  296  • 


W4.1 


DESIGN  AND  PERFORMANCE  OF  Ka-BAND  INTEGRATED 
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ABSTRACT 

Integrated  circuit  mixer  using  a  crossbar  suspended  stripline  con¬ 
figuration  was  developed  with  GaAs  beam  lead  diodes  made  in 
home . Together  with  an  IF  amplif ier , the  system  exhibits  a  3.1-3.7dB 
double  sideband ( DSB )  noise  figure  over  50-550  MHz  IF  bandpass  with  the 
LO  at  33-38  GHz . Integrated  circuit  building  blocks,  such  as  filter, 
electric  probe  type  transition  and  matching  circuits .were  also  de¬ 
veloped. 

INTRODUCTION 

The  rapid  acceleration  of  millimeter-wave  activities  has  led  to  a 
strong  demand  for  low-noise  integrated  mixers  for  both  civil  and 
military  applications .Prior  to  this, fabricating  mixers  for  this  por¬ 
tion  of  spectrum  required  the  use  of  packaged  schotty  diodes  or 
whisker-contected  diode  array. Because  of  the  drawbacks  in  realibity 
and  repeatability, they  don’t  get  general  high  volume  use. The  integrat¬ 
ed  circuit  technologies, on  the  other  hand,  share  none  of  the  abovemen- 
tioned  drawbacks  because  of  the  absence  of  good  beam  lead  diode, and 
provide  the  advantages  of  low  noise  temperature , low  cost, light  weight 
and  small  size. These  also  have  the  potential  of  direct  translation 
into  monolithic  circuits  and  even  large-seal  integration. 

we  have  developed  a  ka-band  crossbar  suspended  stripline  integrated 
circuit  mixer  with  the  beam  lead  diodes  made  in  home . together  with  an 
IF  amplif ier , the  receiver  front-end  exhibits  a  3.1-  3 . 7dB  double 
sideband  noise  figure  over  50-550  MHz  IF  bandpass  with  LO  at  33-38 
GHz. The  LO/RF  isolation  was  achieved  larger  than  20  dB. 

To  facilitate  the  mixer  development , f liter , electric  probe  type 
transition, matching  circuits .were  developed  in  integrated  circuit  to 
form  with  low  insertion  loss. The  performance  of  these  components  will 
be  discussed. 

CROSSBAR  STRIPLINE  BALANCED  MIXER 

The  circuit  configuration  of  our  crossbar  stripline  mixer  is  shown 
in  Fig. 1. The  RF  signal  is  applied  to  mixer  diodes  from  a  waveguide 
perpendicular  to  the  circuit  board. The  crossbar  configuration  is 
formed  by  two  mixer  diodes  with  opposite  polarity  connected  in  series 
across  the  broadwall  of  the  waveguide .The  diodes  are  thus  in  aeries 
with  respect  to  the  RF  signal  and  in  parallel  with  respect  to  the  IF 
and  LO  signals. The  IF  signal  is  extracted  via  a  low-pass  filter  and 
the  LO  signal  is  injected  from  the  other  aide  through  an  electric 
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probe  type  transition. 


1.  Electric  Probe  Type  Transition 

The  waveguide  to  suspended  stripline  transition  is  the  important 
part  of  the  mixer. An  electric  probe  type  transition  was 

invest igated , as  shown  in  Fig. 2.  It  consists  of  an  electric  probe 
inserted  into  waveguide  formed  by  an  extension  of  the  suspended  stri¬ 
pline. This  idea  is  very  similar  to  the  conventional  waveguide  to 
coaxial  line  transition. By  optimizing  the  probe  shape  theoret¬ 
ically,  broad  bandwidth  has  been  accomplished  with  low  insertion 
loss, and  the  maximum  of  insertion  loss  is  less  than  0.7dB  as  the  LO  iS 
swept  from  30  GHz  to  38  GHz .  The  dimensions  of  the  transition  were 
determined  as  shown  in  Fig.  2, where  a=T. 112mm,  b=3. 556mm,  2w=0. 374mm, 

xi=l .800mm,  d2=0. 254mm,  d3=3. 630mm,  Er=2.22mm.  zi=2.1mm. 

2.  Filter  Design 

To  pass  the  IF  frequency  with  a  low  insertion  loss  and  reject  the  LO 
and  RF  signals, a  low-pass  filter  is  required. In  this  mixer, the  Cheby- 
shev  IF  filter  with  a  O.ldB  ripple  are  computed. The  filter  performance 
is  optimized  through  the  COMPACT  computer  program, as  shown  in  Fig.  3 
and  Fig. 4. The  output  and  input  impedances  are  both  50  ohm. 

3.  Mixer  Design  Considerations 

To  guarantee  the  cutoff  frequency  of  the  domina.nt  waveguide 
mode(LSMll)  of  suspended  stripline  mucii  larger  than  the  frequency  band 
of  interest, a  cross  section  of  3 . 00x1 . 60min^  a  Duroid  substracte  thick¬ 
ness  of  0.254mm  were  selected. The  cutoff  frequency  of  LSMll  mode  is 
47.8  GHz. 

In  mixer  design, the  performance  parameters  of  primary  concern  are 
the  operating  bandwidth , the  conversion  loss  and  the  noise  temperature. 
The  equivalent  circuit  model  of  the  crossbar  suspended  stripline 
integrated  circuit  mixer  is  shown  in  Fig. 5. To  treat  this  analytilly,a 
special  program  has  been  developed  for  nonlinear  and  linear  analyses 
of  the  balanced  mixer. The  nonlinear  analysis  is  based  on  multi  reflec¬ 
tion  techniques . Using  this  program, we  can  predict  the  conversion 
loss, noise  temperature , IF  and  RF  impedance  for  design. 

The  beam  lead  diodes  we  used  were  provided  by  the  Institute  of 
Metallurgy,  Shanghai,  China, and  the  parameters  are  listed  in  table  1. 


Table  1.  Parameters  of  the  diode 


1  Para. 

Rs ( ohm ) 

Cp( pf ) 

Cj0( pf  ) 

Vb(v) 

IsO { pA ) 

0(v) 

n 

voi  . 

5/7 

0.06/0.09 

0.05/0.07 

6.0 

1 

1 .0 

1 . 3 

It  shows  that  under  fully  turned-on  condit ions , the  IF  output  imped¬ 
ance  is  about  50  ohm  and  the  RF  input  impedance  is  about  lOOohm, while 
the  reactance  part  being  tuned  out  by  sliding  short.  Waveguide  imped¬ 
ance  is  in  the  range  of  400  to  600  ohm  and  can  be  matched  to  the  RF 
signal  input  impedance  by  a  reduced-height  taper  transformer. 

4. Mixer  Performance 

Together  with  an  IF  amplifier, a  3.l-3.7dB  double  sideband  noise 
figure  was  achieved  over  50-550  MHz  IF  bandpass  with  the  LO  at  33-38 
GHz, and  the  noise  figure  of  IF  amplifier  is  less  than  l.SdB.  Fig. 6 
shows  the  performance  of  the  integrated  circuit  mixer. 
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The  LO  and  RF  ports  are  isolated  each  other  because  of  the  the 
perpendicularity,  and  the  LO/RF  isolation  was  achieved  larger  than 
20dB. 

CONCLUSIONS 

The  integrated  circuit  exhibits  a  state-of-the-art  performance  for 
narrow-band  operation  at  ka-band. Because  of  the  lack  of  broad-band  IF 
amplifier, the  performance  for  wide-band  operation  has  not  been 
achieved, but  it  is  significant  to  carry  it- 
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Ka-BAND  GaAs  GUNN  MMIC  VCO 
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ABSTRACT 

A  full  Bonolithic  GaAs  Gunn  VCO  is  presented  in  this  paper. The 
designed  VCO  incorporates  a  Gunn  diode, a  Schottky  diode, matching 
network  and  bias  circuit  on  a  5nnX3suD  chip. The  Gunn  oscillator 
delivers  2.5aW  at  38GHz  with  the  maximum  of  3mW  at  34.6GHz  and  the 
tuning  bandwidth  of  90GHz.A  further  improvement  may  be  attained  by 
better  process  control. This  is  the  first  report  of  a  Ka-band  MMIC  VCO 
and  millimeter  wave  MMIC  at  home. 

INTRODUCTION 

Monolithic  microwave  integrated  circuits  fabricated  on  GaAs  substrates 
have  shown  several  attractive  advantages  over  hybrid  technology  in  the 
area  of  cost, size, weight  and  some  RF  performance. As  the  frequency 
increases  to  the  millimeter-wave  range , monolithic  technology  becomes 
more  attractive  because  of  the  smaller  size  of  both  lumped  and 
distributed  circuit  elements. The  design, fabrication  and  RF  measurement 
of  a  full  monolithic  millimeter-wave  VCO  based  on  a  Gunn  diode  are 
presented  in  this  paper. 

DEVICES 

As  compared  with  MMIC  using  GaAs  MESFET,the  MMIC  based  on  Gunn  device 
has  less  requirements  for  material  and  the  process  is  much  easier. The 
Gunn  structure  material  used  in  this  MMIC  VCO  is  grown  by  vaper  phase 
epitaxy  on  semi-insulating  substrate, and  a  Schottky  diode  used  as 
tuning  element  is  also  fabrics Led  compatibly .Both  diodes  are  circular 
with  diameter  about  30  microns  and  50  microns, respectively. The 
concentration  (n)  width  (L)  product  (nL)  is  in  the  range  of  3.0  to 
3.4X10'^  /ci^  .The  area  of  Gunn  diode  is  determined  by  the  maximum  safe 
temperature  rise  for  the  Gunn  diode's  active  area  and  the  calculated 
thermal  resistance  of  the  GaAs  substrate  with  the  thickness  of  80 
microns. The  diameter  of  varactor  is  determined  by  the  zero  bias 
capacitance, which  should  be  chosen  to  meet  provides  the  maximum  tuning 
bandwidth  for  the  VCO. The  cathode  connection  to  two  diodes  is 
accomplished  using  airbridge  technology .These  bridges  are  plated  to 
approximately  6  to  8  microns  thick  to  enhance  heat  sinking. 

CIRCUIT  DESIGN 

The  circuit  design  is  accomplished  by  using  of  the  TOUCHSTONE  CAD 
program. In  this  simulation, the  Gunn  diode, airbridge, pad  and  via  hole 
are  defined  as  a  single  negative  resistance  device  in  the  oscillator 
circuit. The  impedance  of  circuit  added  to  the  impedance  of  the  defined 
negative  resistance  device  must  be  zero  to  meet  the  oscillation 
condition.  The  optimization  routine  is  used  to  determine  the  size  of 
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micro3trip  circuit  which  «eet3  the  oscillation  condition  and  optiana 
impedance  match  at  desired  frequency .Figure  1  shows  the  performance 
predicted  by  the  computer  simulation. The  varactor  capacitance  can  be 
chosen  for  maximum  tuning  bandwidth  as  predicated  by  the  computer 
simulation. Its  bandwidth  is  400MHz.So  far,a  full  monolithic 
millimeter-wave  VCO  can  be  fabricated  as  the  circuit  layout . Figure  2 
shows  the  final  layout  of  the  MMIC. Ground  returns  for  both  Gunn  and 
varactor  diodes  are  provided  by  airbridges , ground  pads  and  via 
holes. The  microstrip  line  couples  the  Schottky  tuning  varactor  to  the 
circuit .Varactor  and  Gunn  diode  bias  voltages  are  applied  through 
single  section  RF  chokes  with  cutoff  frequency  of  20GHz.An  inter- 
finger  microstrip  capacitance  is  used  as  DC  block  at  the  output 
terminal . 

.  FABRICATION 

The  circuits  were  fabricated  from  epitaxial  GaAs  n+/n/n+  layers 
deposited  by  VPE  onto  undoped  semi-insulating  liquid  encapsulated 
(LEC)  grown  substrate .Main  fabrication  processes  of  this  VCO  are 
introduced  as  follows: 

A.  Forming  a  via  hole  with  80  microns  in  depth  by  PDE. 

B.  Making  the  Gunn  cathode. 

C.  Chemical  etching  unwanted  top  n+  and  part  of  n  layer. 

D.  Defining  the  diode  geometry  and  struture  by  mesa  etching  away 
unwanted  n  layer  and  bottom  n+  layer , selectively . 

E.  Forming  anodes  and  the  microstrip  circuit. 

F.  Making  Schottky  contact  for  varactor  diode. 

G.  Making  airbridges  with  high  spans. 

H.  Thinning  the  substrate  to  80  microns  and  electroplating  a  50 
microns  thick  gold  layer  to  form  heAtsink. 

I.  Separating  the  wafer  to  single  chips  and  mounting. 

MEASUREMENT  AND  PERFORMANCE 

Th»  monolithic  VCO  chips  were  mounted  in  appropriate  test  fixtures  for 
DC  and  RF  measurement  .The  DC  and  RF  characteristic  have  been 
measuremented.  A  typical  DC  charac  ...eristic  of  a  monolithic  Gunn 
diode  is  shown  in  Figure  3. 

There  aro  two  testing  structures  used  for  RF  measurement  of  the 
monolithic  VCO  chip. one  is  the  microstrip  probe  structure , another  is 
the  metal  probe  structure . For  both  of  the  two  testing  structures , the 

key  point  is  to  reduce  the  transition  loss  to  minimum, The  measurement 

result  shows  that, when  the  varactor  at  zero  bias, an  output  power  of 
2 . 5mW  at  38GHz  and  3.0mW  at  34.6GHz  are  achieved. The  maximum  tuning 

bandwidth  90GHz  is  gained  with  minimum  output  power  0 . 6mW . Frequency 

spectra  of  MMIC  Ka-band  VCO  is  show  in  Figure  4. 

CONCLUSION 

A  full  monolithic  GaAs  Gunn  VCO  is  described  in  detail , including 
design , fabrication  and  test. The  Gunn  VCO  delivers  2 . 5mW  at  38GHz  with 
the  maximum  of  3mW  at  34,6GHz  and  the  tuning  bandwidth  of  SOGHz.A 
further  improvement  may  be  attained  by  better  process  control . Further 
work  is  continuing. 
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Abstr&ct  —  Integrated'Circuit  probe-excited  horn-antenna  arrays  etched  in  silicon  are  well 
developed.  They  are  a  very  promising  class  of  antenna  arrays  for  millimeter  and  submilli¬ 
meter  applications.  Further  development  of  this  technology  involves  integrating  mixers  and 
amplifiers  into  the  antenna  arrays.  In  an  effort  to  develop  an  anteiina- mixer  array  based 
on  the  existing  technology,  horn  structure  and  various  antenna  probes  .iiSiJe  the  pyramidal 
horns  have  been  examined  on  scaled  model-horns  at  the  microwave  frequencies.  In  this 
paper,  modeling  results  of  horn  structure  and  design  principles  of  these  antenna  probes 
have  been  presented,  which  include  the  resonant  impedance,  the  operating  frequency,  and 
the  bandwidth  of  the  horn  antennas.  The  horn  structure  design  illustrates  a  new  approach 
in  developing  quasi-optical  antenna-mixer  array.  These  probe  measurement  results  provide 
a  guideline  in  designing  horn  probes  for  millimeter/sub  millimeter- wave  integrated-circuit 
horn-antenna-mixer  arrays. 

I.  Introduction 

In  millimeter /submillimeter- wave  systems,  because  of  their  shorter  wavelengths  compared  with 
microwave  systems,  the  waveguide  circuits  become  much  smaller,  which  makes  them  very  difficult 
and  expensive  to  build.  However,  quasi-opticai  components  provide  a  solution  to  this  problem. 
Millimeter-wave  integrated-drctiit  hom-antennas  combine  anteimas  and  mixer  circuits  into  a 
single  entity.  The  design  is  based  on  an  exiting  technology  by  which  dipo''-  excited  integrated- 
circuit  horn  anteimas  are  made  in  silicon  [1].  The  horn  antennas  consist  of  probes  suspended 
on  a  thin  oxynitride  membrane  inside  pyramidal  horns  which  are  chemically  etched  in  silicon. 
The  antennas  are  free  of  dielectric  losses  and  have  plenty  of  space  for  electronic  interconnections 
between  the  probes.  The  aperture  efficiency  of  these  etched  horn  antennas  has  been  improved 
to  72%f2j.  Recent  research  shows  that  the  experimental  results  agree  well  with  the  theoretical 
analysis,  including  radiation  patterns  and  resonant  dipole  impedances  [3].  These  types  of  circuits 
could  be  mass  produced  by  standard  integrated-circuit  technology  and  will  find  applications  in 
millimeter-wave  imaging  systems,  remote-sensing,  radio  astronomy,  and  communication  systems. 

The  hom-antenna-mixer  design  requires  consideration  of  horn  structure,  impedance  matching, 
conversion  loss  and  frequency  response  of  the  antenna-mixer  circuit.  Antenna  probes  are  required 
not  only  to  couple  the  free-space  wave  energy  to  the  mixer  circuit  but  also  to  provide  a  suitable 
impedance,  the  embedding  impedance,  to  the  mixer  diodes.  This  impedance  over  a  wide  frequency 
range  is  also  important  for  mixer  performance  because  various  frequency  components  exist  in  the 
mixer  circuits.  In  order  to  achieve  an  impedance- matched  antenna-mixer  array,  the  characteristics 
of  the  anteima  probes  inside  the  horns  must  be  investigated. 

II.  Horn  Structure  Design 

In  order  to  avoid  the  difficulty  to  supply  an  LO  power  at  a  frequency  close  to  RF,  a  subharmoni- 
cally-pumped  antenna-mixer  array  is  designed  which  is  pumped  by  an  LO  at  only  half  of  the 
RF  frequency.  Since  the  RF  and  the  LO  frequencies  differ  by  approximately  a  factor  of  two,  in 
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Figure  1  The  horn  structure  of  the  subharmonicaJly-pumped  mixer  design,  one  LO  horn  corresponding 
to  four  RF  horns;  (a)  LO  horns,  the  trough  made  of  two  silicon  wafers  is  put  on  the  top  of  the  horns, 
(b)  RF  horns,  monopoles  are  used  for  the  RF  reception, 

principle,  it  is  easier  to  realize  the  isolation  between  the  RF  zmd  the  LO.  Furthermore,  spurious 
responses  associated  with  the  odd  harmonics  of  the  LO  can  be  rejected  by  using  an  autiparaile! 
diode  pair.  The  subharmonically-pumped  hom-antenna-mixer  array  is  shown  in  Figure  1.  It 
consists  of  a  set  of  forward-  and  backward-looking  horns  facing  back  to  each  other  made  silicon 
wafers.  Every  four  RF  horns  are  provided  with  one  LO  horn  which  is  a  rectangular-shaped  horn. 
The  spacing  between  RF  horns  is  lA,  Four  RF  horns,  as  a  sub-array,  together  with  one  LO  horn, 
form  a  umt  cell.  This  design  will  keep  the  best  symmetry,  and  the  beam  patterns  of  the  sub-array 
will  be  improved  by  a  factor  of  4  compared  with  that  of  the  single  RF  horn.  Since  the  size  of 
the  LO  horns  should  be  twice  that  of  the  RF  horns,  the  area  between  the  LO  horns  is  covered 
by  a  structure  with  long  trough  on  each  row  of  the  LO  horns  so  as  to  fill  up  the  space  between 
the  LO  horns  and  converge  the  incoming  energy  into  the  LO  horns.  Every  monopole  from  each 
of  the  four  RF  horns  will  coupie  the  RF  signal  down  to  the  LO  horn  through  a  copianar-strip 
transmission  line.  A  dipoie  probe  is  employed  to  receive  the  LO.  The  mixer  diodes  are  located 
in  the  center  of  the  LO  membrane,  and  the  IF  is  led  out  from  the  ends  of  the  LO  horn. 


III.  Probe  Modeling 

The  impedances  of  various  probes  were  measured  in  low-frequency  model- horns,  which  were  made 
of  two  different  types.  One  type  was  a  3x3  array  made  of  aluimnum.  and  the  other  type  was  a 
half  horn  made  of  copper  sheet  sitting  on  a  big  copper-clad  circuit  board  that  was  used  as  an 
image  plane.  These  two  types  of  modeled  horns  were  used  alternatively,  depending  on  the  feed 
location  of  the  probe  inside  the  horn.  The  modeled  design  frequency  is  5  GHz.  The  horn  opening 
is  1  A,  and  the  probe  is  placed  inside  the  horn  about  0.37  A  away  from  the  apex.  Measurements 
were  made  on  an  HP  8510  Network  Analyzer.  The  probe  configurations  are  shown  in  Figure  2 
and  the  measured  probe  impedance  plotted  on  the  Smith  chart  are  illustrated  in  Figure  3. 

Frequency  Tuning  Figure  2(a')  shows  a  monopole  in  a  full  horn.  The  impedance  is  plotted  as  a 
ftmction  of  the  monopole  length  on  the  Smith  chart  (Figure  3(a)).  The  resonant  resistance  of  16 


.  305- 


is  achieved  at  the  monopole  length  of  0.22  A.  In  comparison,  the  resonant  resistance  of  a  lossless 
monopole  on  a  ground  plane  in  free  space  is  2512  for  a  monopole  length  of  0.25  A.  Figure  2(c) 
shows  a  half  dipole  in  a  half  horn.  The  impedance  is  plotted  as  a  function  of  the  half-dipole 
length  (Figure  3(c)).  The  resonant  resistance  is  25 12  at  the  half-dipole  length  of  0.20  A.  Since  the 
voltage  across  the  half  dipole  in  the  half  horn  is  half  that  in  a  full  horn,  the  measured  imped¬ 
ances  are  only  half  of  the  actual  impedances;  therefore,  for  a  dipole  in  a  full  horn,  the  resonant 
resistance  is  5012  at  the  full-dipole  length  of  0.40  A.  This  result  was  verified  by  millimeter-wave 
measurements  [2]  and  theory  [3].  This  dipole  probe  also  provides  a  very  good  matching  impedance 
for  the  mixer  diode  pair. 

Impedance  Tuning  —  Figure  2(b)  shows  a  folded  monopole  in  a  full  horn.  The  impedance  is 
plotted  as  a  fimction  of  the  monopole-probe  length  (Figure  3(b)).  A  resonant  resistance  of  50  f2 
is  obtained  for  a  monopole  length  of  0.19  A.  This  resistance  matches  the  impedance  of  two 
mixer  diodes  connected  in  antipaxallel.  Hence,  this  folded  monopole  is  suitable  for  LO  reception 
in  a  fundamentally-pumped  antenna-mixer-array.  Figure  2(d)  shows  a  htilf  folded-dipole  in  a 
half  horn.  The  impedance  is  plotted  as  a  function  of  the  half-dipole  length  (Figure  3(d))  .  The 
resonant  resistance  of  68  f2  is  obtained  at  the  half-dipole-probe  length  of  0.18  A.  For  the  same 
reason  stated  above,  the  resonant  resistance  of  a  full  folded-dipole  in  a  full  horn  would  be  13612 
at  the  full-folded-dipole  length  of  0.36  A.  compared  with  20012  for  a  lossless  folded  dipole  in  the 
free  space.  This  folded-dipole  impedtince  needs  to  be  transformed  to  be  about  200 12  to  be  used 
as  an  RF  reception  element  in  a  balanced  fundamentally-pumped  antenna-mixer-array  design. 

Broad  Bandwidth  —  Figure  2(e)  shows  a  fan- probe  in  a  full  horn,  which  is  designed  as  a  broadband 
probe-excited  hom-antenna.  By  tuning  the  flare  angle  and  width  of  the  fan,  a  resonant  resistance 
of  65  fi  has  been  obtained  at  the  design  frequency  of  5  GHz. The  return  loss  is  better  than  10  dB 
over  a  frequency  range  of  2  GHz.  Figure  3(e)  shows  the  impedance  plotted  as  a  function  of 
frequency. 

Probe  Loading  —  Figure  2(f)  shows  a  half  loaded-dipole  in  a  half  rectangular-hom,  to  be  used 
potentially  for  LO  reception  in  the  subharmonictdly-pumped  antenna-mixer.  The  dipole  probe 
was  loaded  with  a  short  stub  on  the  end  near  the  horn  sidewall  to  compensate  for  the  capacitive 


(d)  (e)  (f) 


Figure  2  Probes  inside  pyramidal  horns;  (a)  monopole.  (b)  folded- monopole,  (c)half  dipole,  (d)half 
folded-dipole,  (e)  fan-probe,  (f)ha}f  loaded-dipole  inside  a  rectangular  horn. 
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Figure  3  The  probe  impedjutce  plotted  on  the  Smith  chart,  (a)  monopole,  (b)  folded* monopole,  (c)haJf 
dipole,  (d)  half  folded-dipole,  (e)  fan-probe,  (f)  half  loaded-dipole  inside  a  rectangular  horn. 

impedance  of  the  relatively  shorter  dipole-probe.  Figure  3(f)  shows  the  impedance  plotted  as  a 
function  of  frequency.  The  resonant  resistance  of  18  is  achieved  at  the  loading-stub  length  of 
0.08  A,  which  corresponds  to  36  Q  for  a  full  loaded-dipole  in  a  full  horn.  This  loaded-dipole  can  be 
used  to  match  the  impedance  of  two  mixer  diodes  connected  in  antiparaUel.  A  half  loaded-folded- 
dipole  in  a  half  rectangular-horn  was  also  tested.  The  resonant  resistance  of  54  fi,  or  108  ft  for 
a  full  loaded-folded-dipole,  was  obtained  at  the  loading-stub  length  of  0.12  A.  This  probe  could 
provide  a  suitable  matching  impedance  for  single-diode  mixers. 

IV.  Conclusion 

All  these  impedance  measurements  indicate  that  the  presence  of  the  horn  increases  the  effective 
length  of  the  probe  element,  which  agreed  well  with  the  millimeter-wave  aperture  efficiency 
measmements  {2j  and  the  theoretical  analysis  [3],  in  which  a  dipole  probe  was  used  as  an  antenna 
element.  They  also  indicate  that  the  resonant  frequencies  can  be  controlled  by  changing  the  length 
of  the  probes  or  loading  the  probes,  and  that  resonant  resistances  can  be  increased  to  a  reasonable 
matching  range  by  folding  the  probes.  The  fan-probe  design  indicates  that  the  bandwidth  can 
be  increased  by  changing  the  probe  width.  These  modeling  measurements  illustrate  the  probe 
design  principles  in  an  extended  frequency  range  and  provide  ver>'  useful  options  in  choosing 
probe  elements  in  integrated- circuit  hom-antenna-mix^r  arrays. 
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ABSTRACT 

Parameters,  capabilities  and  possible  technical  applications  of 
millimeter-wave  integrated  circuits  based  on  a  dielectric  slotted  waveguide 
are  discussed. 

INTRODUCTION 

In  this  work  we  employ  the  sputtering  technique  for  fabrication  of 
integrated  circuits  at  millimeter  wave  band.  The  main  characteristic  feature 
of  the  proposed  circuits  as  compared  with  the  known  variants  is  application 
of  a  dielectric  slotted  waveguide  (DSW)  as  a  base  transmission  line  (fig.l). 

At  first  the  various  elements  based  on  the  DSW  have  been  suggested 
and  investigated.  These  elements  have  been  successfully  used  for  designing 
and  fabrication  of  a  broad  class  of  miliimeter-wave  integrated  devices 
including  passive  and  quasi-optical  elements,  semiconductor  diodes, 
ferrites,  radiators,  etc.  In  particular  the  sputtering  technique  is  very 
attractive  for  fabrication  of  the  antennas  and  beam  shaping  networks. 

Due  to  ease  of  fabrication  the  devices  such  as  the  transmitters  and 
receivers  have  comparatively  low  cost  and  at  the  same  time  posses  the  quite 
acceptable  technical  capabilities  at  millimeter  wave  band.  Besides  they  have 
sufficiently  low  weight  and  small  dimensions. 

That  is  why  the  devices  based  on  the  DSW  au:e  very  promising  in  those 
applications  when  the  cost,  weight  and  dimensions  are  the  most  desirable 
capabilities  while  the  magnitude  of  the  received  signal  is  large  enough. 
Various  types  of  meters  such  as  velocity-,  distance-,  displacement-, 
vibration-,  humidity  meters,  etc.  are  most  suitable  to  satisfy  this 
requirement. 

Some  first  '.'ariants  of  the  detector  receiver,  homodine 
transmitter-receiver  and  humidity  meter  have  been  already  tested  by 
experience.  The  obtained  results  obviously  show  that  at  millimeter  waves  the 
proposed  integrated  devices  can  successfully  ccmvece  witn  analogous  devices 
cased  on  microstrips,  fin-line  and  metal  waveguide. 

ELEMENTS  AND  THEIR  CAPABILITIES  AT  F  =  30-70  GHz 


A  waveguide  (fig.l;; 
-transmisson  loss 
is  the  free-space 
wavelength) 


Passive  Elements 

8-10  dB/m.  e=9.6,  A,=8.0  mm 
20-25  dB/m,  E=9.6,  A.=4.0  mm 
4-5  dB/m.  6=3.84,  A^8.0  mm 
10-12  dB/m.  6=3.84.  \=4.0  mm 


A  directiOTial  coupler  (fig.2): 

-directivity  40  dB 

-longitudinal  dimension  1.5A. 

-operating  frequency  band  f  /f  <3.0 

max  mvn 


A  rectangular  waveguide  adapter(fig.3) ;  wide-band  narrow-band 

-operating  frequency  band  Af/f  0.4-0. 5  0.1 

O 

<  1.3  <  1.2 

0.5  dB  0.5  dB 

(1.5-2)A  0.5  k 


-input  VSHR 
-insertion  loss 
-dimensions 


*aoa 


fig.  1 


fig. 2 


fig. 3 


A  ferrite  resonance  isolator  (fig.4): 
-insertion  loss 
-reverse  loss 

-operating  frequency  band  Af/f 

O 

-longitudinal  size 


(  0.7-1. b)  <13 
>  30  dB 
0.05 

1.5X 


Etesonators  (fig.5): 

-Q-factor  3000 

-characteristic  size  (1-1.5)X 

Auxiliary  elements  of  the  channel  are  Y,T  .joints,  stepped  and  tapered 
impedance  transformers,  short-circuited  stub,  turning,  matched  load.  etc. 


Elements  with  Semiconductor  Diodes 

A  detector  section  based  on  the  Shottky  diodes  (fig. 6): 

-VSWR  (1^2  -  1.3) 

-VO It -watt  sensitivity  10  V/W 

-operating  frequency  band  Af/f^  0.2 

-equivalent  noise  power  10  *°W/Hz 

The  IMPATT  oscillator  based  on  a  metal  waveguide  with  output  to 
DSW  produces  the  power  about  150  mW. 


Antennas  and  Beam-Shaping  Networks 


A  multichannel  divioer  of  lens  type: 

-loss  (0.5  -1.0)  dB 

-number  of  cnannels  10  -  16 


A  fan-shaped  antenna; 

-efficiency 

-antenna  aperture  efficiency 
-dimensions  of  radiating  curtain 
-beam  width 


0.9-0.95 

0.8 

(48x0.5)  mm 
(7x60)° 


A  narrow-beam  antenna: 
-efficiency 

-antenna  aperture  fficiency 
-dimensions  of  radiating  (curtain 
-beam  width 
-gain 


0.85-0.9 
(0.6-0. 7) 

(48x120)  mm 
(2.8x7) 

22.5  dB  at  f=62  GHz 
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fig. 7 


INTEGRATED  DEVICES 
Velocity  Meter. 

Dim«isions  of  the  microwave  block  are  220x70x15  nm.  A  range  of 
measu-red  velocities  is  from  5  to  300  kn/hour.  Distance  to  the  object: 
300-500  m. Resolution  (0. 1-5. 0)km/hour. There  is  digital  output  or  autonomous 
indication  This  meter  may  be  used  for  measurement  of  motor  transport 
velocity. 

The  velocity  meters  (fig. 8)  include  an  IMPATT  oscillator  of  the 
continuous  signal  (0)  with  the  output  power  about  100  nW,  balsncing 
mixer  (diodes  Dl,  D2).  circuit  of  signal  distribution  (double  directional 
coupler  (DDC)),  shorts  (SI,  S2),  beam-shaping  network  and  high-directional 
antenna  (A).  The  operating  frequency  is  60  GHz. 

The  velocity  meter  represaits  a  homodine  transmitter-receiver 
including  the  antenna  with  the  beam  width  of  (7x3  The  frequency  of  the 
alternating  voltage  on  the  diodes  Dl.  D2  is  equal  to  the  Doppler  shift  of 
the  radiated  signal.  Measuring  this  frequency  one  can  determine  the  velocity 
of  the  moving  object. 


fig. 8 


Humidity  Meter 

Dimensions  of  the  microwave  block  including  an  oscillator  and 
immersed  to  liquid  sensing  unit  are  80x24x20  mm.  A  range  of  measured 
humidity  is  (0  -  201%.  Resolution  is  (0.02-0.1%).  There  is  autonomous 

indication  of  humidity.  It  is  possible  to  place  an  analogy  to  digital 
converter  and  pass  information  to  a  computer. 

The  humidity  meter  (fig. 9)  includes  a  microwave  oscillator  (0), 
detectors  (Dl,  D2).  isolator  (I),  sensing  element  (SE),  matched  load  (M)  and 
directional  coupler  (DC).  All  the  devices  except  of  the  oscillator  are 
simply  fabricated  on  the  base  of  ceramic  layer  (E=9.6)  with  the  dimensions 
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of  (24x60x0.5  DD).  The  central  operating  frequency  is  60  GHz. 

The  neter  neasures  electrtanagnetic  wave  attenuation  in  the  SE. 
attoiuation  depends  on  the  humidity  of  the  liquid.  Thus  measuring  the  voj 
on  the  diodes  01  and  02  it  is  possible  to  determine  the  liquid  humidity 

Superior  requirements  to  the  frequency  and  power  stability  of 
oscillator  are  unnecessary.  So  it  allows  to  decrease  the  cost  of  the  devii. 
using  such  simple  oscillators.  Measurement  results  do  not  almost  depend 
chemical  composition  of  the  liquid.  The  meter  can  be  used  for  humid r 
measurement  of  various  liquids  such  as  oil.  spirits  and  so  on. 


fig. 9 


Double  Channel  Speed  Meter. 

Dimensions  of  the  microwave  block  are  120x30x50  mm.  A  range  oi 
measured  velocities  is  from  3  to  150  km/hour.  Resolution  is  not  more  ther 
(1-3)3:.  There  is  a  digital  output. 

This  meter  may  be  used  for  exact  measurement  of  motor  transpor' 
velocity. 

The  speed  meter  (fig. 10)  includes  an  IMPATT  oscillator  of  the 
continuous  signal  (0)  with  the  output  power  about  20  uH.  two  directional 
couplers  (DC),  two-input  fan-shaped  antenna  (5x15)°  (A),  two  diodes  (D1.D2). 
Y-divider  (TO  and  shorts  (SI,  S2).  The  operating  frequency  is  61.25  GHz. 

Application  of  the  double-channel  scheme  of  the  speed  meter  permits 
to  decrease  the  measurement  error  caused  by  displacement  of  the  means  of 
transport  in  the  plane  that  is  perpoidicular  to  the  direction  of  their 
motion. 


fig. 10 


CONCLUSION 

Thus  the  parameters  and  capabilities  of  some  elements  and  devices  ir 
integrated  performance  at  millimeter  waves  are  presented  in  this  paper.  The 
elaborated  electrodynamic  models  and  computer  programs  allow  to  analyze  and 
design  the  variois  structures  based  on  the  DSW  using  the  scattering  matrices 
technique.  The  calculated  and  experimental  results  obtained  in  the  work 
stimulate  further  researches  in  this  field. 
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APPLICATION  OP  COg  LASPE  TO  FORMATION  OP  SILICICN 

COBALT  RESISTIVE  FILMS 

A.Medvid*,  T.Puritia,  J.Kaupuza,  M.Gpri:^g,  A.KalnaCa 

Thermal  treatment  is  used  in  microelectronics  technology  to 
stabilize  electric  parameters  of  the  resistive  films  {jl  ,  however, 
too  high  temperature,  destructive  for  other  integrated  circuit  ele¬ 
ments  is  necessary  to  optimize  the  resistive  films. 

The  destruction  can  be  avoided  by  the  local  selective  laser 
heating  due  to  large  difference  in  the  absorptance  and  reflectance 
of  an  integrated  circuit  elements  (metallic  paths,  p-n  jimctions, 
resistive  films  etc.)  as  well  as  their  strong  wavelenght  and  inten¬ 
sity  dependence. 

Some  results  of  experimental  and  theoretical  investigation  of 
laser  heating  of  the  silicon  cobalt  films  are  reported  there. 

The  silicide  films  just  after  sptittering  are  amorphus  ones. 
The  temperature  resistance  coefficient  (TRC)  of  these  films  is  nega¬ 
tive  and  resistance  themselves  is  rather  temporaly  instable.  Crys¬ 
tallization  of  the  silicide  films  into  highest  cobalt  silicide  CoSi2 
improves  the  parameters  of  films.  The  resistance  of  films  is  reduced 
by  factor  of  5  to  6  and  TRC  passes  through  zero  value. 

Experiments  were  carried  out  on  films  prepared  by  ion  plasma 
sputtering  in  argon  atmosphere  from  alloy  containing  27%  Co  and  7?% 
Si  (atoms).  This  composition  after  laser  treatment  transforms  into 
CoSi2  with  addittional  19%  Si.  Such  deviation  from  the  stoichiometry 
gives  resistive  layer  with  TEC  near  to  zero  (TRC  of  CoSi2  is  posi¬ 
tive). 

Experimental  samples  were  prepared  on  4C0  Si  substrata. 

The  C.6  SiC2  thermal  oxidate  was  formed  on  the  substratum.  The 
resistive  layer  of  thicJoaess  C.GI  -  iMrr;,  mostly  0.08  yim  was  sput¬ 
tered  on  the  SiCg  layer  and  coated  by  second  SiC2  layer  of  thickness 
0.6  j^m.  The  samples  represented  rectangles  (3x9  mm)  with  vacuum  - 
-  deposited  A1  contacts  on  the  ends  for  resistance  measurements. 

The  most  sioitable  radiation  for  given  structure  was  concluded 
from  calcTilations  to  be  that  of  Q  -  switched  CCg  laser,  since  at 
first  99.8%  of  radiation  is  absorbed  in  the  Si02-Co+Si-Sio2  layers 
while  only  C.2%  in  th^  silicon  what  must  protect  p-n  jxmctions  on 
the  same  silicon  substratum;  secondly  the  temperature  field  over 
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hMitad  layers  is  nearly  uni¬ 
form  ;ju8t  after  laser  piilse 
and  that  excludes  fast  cooling 
of  the  structure  and  amorphism 
of  resistive  films.  Therefore 
the  Q  -  switched  CO^  laser 
with  wavelenght  10.6  was 
used. 

Laser  treatment  causes 
decrease  in  the  reflectance  as 
well  as  increase  in  absorptivity 
of  the  resistive  film  (^23  . 

The  resistance  of  film  red\i- 
ces,  but  TBC  changes  from  ne¬ 


gative  of  about  -  IC“^  I/K  to  positive  one  less  than  IC”^  I/K.  The 
siiTface  resistance  (c\arve  I)  and  transmittance  (curve  2)  are  plotted 
vs  intensity  of  incident  laser  radiation  ( 'X.  »  IC.S  Hm  ,  piolse  dura¬ 
tion  130  nS|  peak  power  I  MW)  in  figure  I.  Both  the  sxu^face  resis¬ 
tance  and  transmittance  of  resistive  layer  reduces  monotonously  with 

2 

intensity  of  radiation  up  to  9  MW/cm  .  The  reflectance  also  reduces 
from  UO%to  30%  while  absorptivity  increases  by  factor  of  I.5i  "but 
TBC  becomes  positive  (  4  I/K)  at  that  intensity.  Both  curves  in 
figure  I  tend  upwards  at  sufficiently  high  intensity.  It  can  be  re¬ 
lated  to  the  destruction  of  the  resistive  film. 

It  is  seen  that  the  optical  checking  and  control  of  the  pro¬ 
cess  (curve  2)  is  more  sensitive  than  electrical  one,  (curve  I)  be¬ 
cause  significant  change  occur  at  smaller  intensity. 

The  electron  photocmission  stxidies  showed  that  the  electron 
exit  work  reduces  by  factor  of  2  after  laser  treatment.  It  confirms 
the  chemical  comb ina "ion  is  formed. 

The  temperatui’e  field  dynamics  of  the  fotir  layer  structure 
SiOg-Co+Si-SiOg-Si  was  studied  theoretically  in  dependence  of  laser 
pulse  energy  and  intensity,  absorptance  and  thickness  of  each  layer. 
The  heat  conduction  equation 


X  OT 

CCT)  y(T)  ^ 


=  A  (t) 


wherW  C  is  the  heat  capacity. 


f 


is  the  densit;;) ,  ^  is  the  heat  - 
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Iig.2. 


conductivity,  and  K  is 
th*  absorptivity,  was  sol- 
vad  for  given  four-layar 
structure  with  layer  thic- 
Imasses  S^,S2,S^  and  S^. 
Hunerical  solution  of  the 
aquation  was  obtained  neg¬ 
lecting  heat  exchange  to 
environment  as  well  as 
reflection  of  radiation  on 
the  interfaces.  Two  extre¬ 
mes  were  considered  to  es¬ 
timate  possible  variation 
of  temperature  field  due 
to  variation  of  parameters 
cf  Co+£i  layer  during  la¬ 
ser  pulse:  I)  the  structu¬ 
re  of  Co+£i  layer  is  the 


same  as  the  initial  one  dxiring  laser  pulse  ,  2)  chemical  reaction 
happens  just  at  the  begining  of  a  laser  pulse  so  that  radiation  is 
absorbed  in  the  layer  of  the  final  structure.  Besides,  it  was  assu¬ 
med  that  Sg  <<  2j+S^  and  S^«  t  ,  where  t  is  the  dis¬ 

tance  of  heat  propogation  in  the  Co+Si  meditm;  during  laser  pulse. 

The  absorotivity  was  found  exoerimentally  for  either  extreme 

n  ‘  7  ' 

to  be  2  X  IC  I/m  and  5  IC  I/m  respecti^'ely.  Other  parameters  are 
not  critical.  They  were  accepted  tc  be  tncse  of  final  structure  and 
estimated  considering  the  excess  silicon  to  be  concentrated  in  cute 


like  inclusions  unifcrmely  distributed  ever  CoSi^  layer. 

The  temperature  field  for  both  first  (a)  and  second  (b)  ex¬ 
tremes  at  various  times  t  is  sketched  in  figure  2.  The  fusion  tem¬ 
peratures  for  each  layer  (dashed  lines)  are  indicated  in  the  figure. 
It  was  taken  for  calculations:  8^=5-^=  6CC  nm,  £2=  80  nm,  T  =  I50  ns, 
intensity  of  radiation  1.75  x  IC  ^  W/m^.  The  intensity  of  radiation 
was  taken  to  reach  temperature  in  the  Co+£i  near  to  fusion  tempera¬ 
ture  of  GoSi^  —  Si  eutectic. 

It  was  obtained  from  calc\alations:  I)  the  temperature  fields 
differ  very  slightly  for  both  extremes^  2)  the  maximum  temperature 
occurs  in  the  Co+Si  layer  while  silicon  substratum  is  heated  up 
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inaig&ificantly  durixig  laser  treatment. 

Conclusions: 

1)  Absorption  in  a  Co-Si  layer  is  not  resonance  absorption; 

2)  Fusion  and  successive  destruction  of  the  resistive  layer  happens 
at  energy  above  optimm  for  treatment; 

3)  Laser  treatment  is  cumulative  one;  the  same  effect  can  be  reached 
by  repeated  treatment  with  less  intensity,  however,  the  threshold 
intensity  must  be  exceeded; 

h)  Since  at  least  one  Si02  layer  is  necessary,  it  indicates  that  the 
theirmal  effect  is  important,  although  resistive  layer  isn’t  mel¬ 
ted  out.  On  the  other  hand,  thermal  treatment  takes  much  more  ti¬ 
me  as  laser  treatment.  So  it  is  reasonable  that  a  photo-thermo- 
chcmical  reaction  is  involved. 

5)  The  optical  methods,  i.e.  measurement  of  either  reflected  or 

transmitted  radiation,  are  moat  convenient  to  check  the  procedure 
of  chemical  reaction  in  the  resistive  film. 

1.  Murarka  G.P.  Silicides  for  VLSJ  applications. 

Academic  Press,  New-York,  London,  1985. 

2.  Gavara  P.,  Medvid*  A,,  Puritis  T.  Izv.AH  LatvSSR, 

Ser.fiz.  i  tehn.nauk,  US,  75(1989). 
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ACOIRATE  ELECTROMAGNETIC  SIMULATION  OF  OPEN  RESCMUTORS 
LOADED  WITH  DIELECTRIC  SLABS  AMD  PERICH3IC  GRATINGS 


Alexander  I-  Nosich 

Bilkent  University.  06533  Ankara,  Turkey- 
Con  leave  from  the  Institute  of  Radiophysics  and  Electronics, 
Ukrainian  Academy  of  Sciences,  Kharkov,  Ukraine) 


The  paper  deals  with  theoretical  investigation  of  wave 
scattering  and  diffraction  from  combined  two-dimentional  scatterers 
such  as  finite  collection  of  nonclosed  .metal  circular  cylindrical 
screens  placed  into  a  piate-parallal  dielectric  medium  or  containing 
a  periodic  diffraction  grating.  These  scattering  problems  are 
simulating  the  electromagnetic  behaviour  of  various  active  and 
passive  devices  based  on  inhomogeneous  open  resonators.  From 
somewhat  different  point  of  view  the  sa-te  structures  serve  as  models 
of  open  waveguides  like  dielectric  silab  containing  .metal  scatterers 
purposed  to  forming  certain  special  : eafures  of  radiaticc  pattern  or 
mode  conversion  coefficients. 

Geometry  of  considered  problems  is  clear  from  Figures  1  and  2. 
A  material  slab  has  a  sandwich- like  structure  and  house  a  finite 
number  of  screen- shaped  scatterers  both  inside  ana  outside  the  slab. 
Each  screen  is  assumed  to  be  perfectly  conducting  and 
sere- thickness ,  of  arbitrary  >?idth,  radius  and  orientation,  and  does 
not  intersect  the  boundaries  of  layers.  Some  particular  scattering 
geometries  ox  this  kind  represent  an  open  two-mirror  resonator  with 
a  dielectric  slab,  reflector  antc.-.na  with  p.oint -source  excitation 
.near  a  plane  dielectric  interface.  and  finite-element  grating 
couple!'  in  a  dielectric  wav  eg'uide.  Tht:se  structures  are  analysed  in 
detail,  and  the  results  cover  characteristics  of  mode  conversion  and 
scattering,  radiation  patterns,  etc. ,  for  H-polarized  excitation. 


Solution  is  obtained  by  a  numerical-analytical  approach 
combining  Green's  function  technique  with  that  of  dual  series 
equations  for  screen  surface  current  functions.  Inverting  a  part  of 
Initial  operator  leads  to  regularized  algebraic  equations  solvable 
numerically  with  any  desired  accuracy. 

Another  relative  class  of  scattering  problems  is  formed  by 
screen-shaped  scatterers  near  a  periodic  grating  modelling  cavities 
of  millimeter  wave  oscillators  such  as  orotrons.  Green's  functions 
of  various  gratings  are  available  numerically,  and  this  gives  an 
opportunity  to  apply  a  madif ie  '  approach  to  account  properly  the 
effect  of  grating. 
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OPTUflZATIOH  HCSX&S  AKI)  EXPEBIMMT  ?QB  3MK 
QnASI-OPnCiL  KJWEE  COKBI1E&  OP  SQLID-SIIICP  SOOBCES 

Cheag.tiaxi  lBe»  Qlao-tnin  Vang* 

Li.-nrtgg  1*1,  Eni-zliieiL  LI,  Bal-w«xi  Zhaa^p  JXng  Llg 

Dept.gf  Electronics  Science »Sankal  OniT.  Slanjin  300071 

*  Compntex  Centex,  IBLanjin  OnlT.  dan  jin  300072,  P.B.  China 

ABSIBiCX 

It  is  described  that  a  novel  and  coapaci  combiner  with  qnasioptical 
open  resonators  in  this  paper*3Sie  combiner  combines  effectively  ont- 
pst  povcr  of  active  solid  state  devices  to  pxodnceaBP  single  fre-> 
queney  and  strong  power  signal .  Phase  coupling  has  been  accomliahed 
er«»^  RF  power  exceeded  the  sum.  of  the  individual  diode  outputs.  Shis 
paper  lays  stress  on  explaining  the  theory  and  method  of  optimal  de¬ 
sign  for  the  key  assembly, source-array  of  the  combiner. 

IMTHODnCdOS 

As  operating  frequency  increasing  into  the  millimeter  and  submilli- 
neter  range, the  mode  density  of  closed  ea.^Ltj  increases, mode  separa¬ 
tion  decreases, and  excitation  of  single  frequency  oscillation  in  the 
cavi*^  becomes  increasingly  more  difficult.Rowever,quasioptical  com¬ 
bining  techniques  offer  an  effectual  way  to  overcome  the  limitations. 
Blany  plans  may  he  adopted  fox  the  quasioptical  power  combiner.  A  no¬ 
vel  and  compact  power  combiner  is  shown  in  Fig.1.  It  consists  of  a 
concave  spherical  reflector  with  a  diameter  for  aperture  of  10.6  cm, 
a  radius  of  curvature  of  21.2cm  and  a  hybrid  concave  reflector  with 
spacing  L. 


ng.l  structure  of  s  novel  quasioptical  pover  combiner 
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Bie  latter  tlie  name  of  iiipiit  reflector}  includes  a  circular  plane 
with,  diameter  of  5.0cm  and  a  concave  spherical  reflector  with  a  dia¬ 
meter  for  aperture  of  10.6  cm,  a  radius  of  curvature  of  21.2cni.  Gunn 
diodes  are  fixed  in  niches  of  the  inner  surface  of  the  input  reflec¬ 
tor.  A  well-designed  for  source-array (niche)not  only  can  gain  higher 
output  power  of  desired  mode  and  larger  fractional  power, hut  also  can 
make  the  combiner  arrangement  more  compact  auid  practical. (fhe  funda¬ 
mental  power  is  denoted  Igr  fractional  power  is  denoted  by 

P.The  fractional  power  of  the  combiner  is  defined  the  power  ratio 
of  the  fundamental  mode  to  all  of  the  modes.) 

THEORY  AHD  METHOD  OF  DESIGN 

The  combiner  gets  the  optimum  combining  results  ,Qnly  when  the  fo¬ 
llowing  problems  are  solved  well.  1).  A  suitable  Impedance  transfor¬ 
mation  set  should  be  adopted  to  make  active  devices  creating  high  RP 
energy  as  possible  in  the  cavity.  For  the  packed  diodes, the  more  they 
create  EP  energy  to  approach  their  normal  value, the  better, 

2) ,  the  field  in  the  cavity  must  be  aatisfied  optimum  phase  coupling 
relation.  The  stable  and  strong  fundamental  mode  oscillacion  may  be 
set  up  in  the  cavity, only  when  the  RF  signals  stimulated  by  every  ac¬ 
tive  devices  in  the  cavity  have  fit  phase  distribution  to  superpose 
effectively  the  power  of  the  fimdamental  modes  and  cancel  the  power 
of  other  modes  each  other. 

3) ,  On  the  hand, the  active  devices  radiate  RP  signals  in  the  cavity 
respectively,  an  the  other  hand, are  acted  by  the  strong  RF  field  in 
the  cavity  at  the  same  time. Only  when  this  actian(named  as  the  acti¬ 
vation)  is  proper,  every  active  devices  can  radiate  the  strongest  RF 
signals  and  can't  he  hurt  or  destroyed  by  the  RP  field. 

Next,  it  is  done  to  realize  impedance  matching  between  tne  quasiop- 
tical  cavity  and  the  load. 

We  start  with  fluctuant  equations, using  the  concrete  boundary  condi¬ 
tions  in  the  cavity,  and  look  for  the  basic  design  formulas  for  the 
combiner  from  tne  point  of  combination  between  electromagnetic  field 
and  equivalent  circuit.  Then  we  adept  the  '’global'*  optimization  de¬ 
sign  method  to  compile  many  kinds  of  practical  computing  programs  in 
Fortran  language  for  NxN,Nx(2]5)  source  arraies  of  the  combiner  (to  see 
appendix  A  please).  The  sizes  for  the  cavity  axe  determined  using  fo¬ 
llowing  formulas (1) 
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Xhe  deai^  fox  the  soorce-array  has  acconipllshed  usiag  following  fo¬ 
llowing  foxontlas  according  to  the  "global"  optimization  role  (to  see 
references  2) 
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XZPERIMESS 

We  hare  repeatly  done  the  experimental  exploration  for  eight  kinds  of 
the  structure  of  the  combiner  source— array,  and  realized  successfully 
phase  couple. The  measuring  circuit  for  characteristics  of  the  combi¬ 
ner  is  shotm  in  Pig. 2. 
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Pig. 2  She  measuring  circuit  for  characteristics  of  the  combiner 
COKCLUSIOS 

She  output  power  of  the  combiner  exceeded  the  sum  of  individual  diode 
outputs.  Although, the  matching  problems  between  the  niches  and  the  ca¬ 
vity  haven't  been  fully  solved, the  results  of  this  work  show  that  the 
combiner  described  above  has  potential  and  stupendous  merits. 
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APPENDIXES 

A).  The  flowchart  for  optimization  design  of  the  array  of  the  combi¬ 
ner  is  shown  in  Pig. 3* 
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B}Xhe  speclficltj  of  the  combdLitex  Is  shown  in  Xahled)* 

C)?i«.4  illustrates  the  fractional  power  conpled  into  the  fundanen- 
tal  mode  for  three  different  sonrce-arra?  confignxations  eontainiag 


3x3,5x5,an;dTr7  actiwe  dewices  in 
ssian  weight  sources* 


I  8to;  ' 


Pxg.3  flowchart  for  the 

source-array  of  the  conhiner. 


regular  rectangular  arrets  hy  Can- 


Pig.  4  She  fractional  power 
of  the  combiner 

Pig. 4  shows  the  increase  of  power 
as  the  number  of  sources  increases. 
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Tabiel.The  specificity  of  the 
combiner 

lore:  here  Tj is  different  from  the 
comoimng  efficiency  of  conventional 
waveguide  cavity  power  combiner. 
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DESIGN  CRITERIA  OF  THE  NEAR-MILLIMETER  WAVE 
QUASI-OPTICAL  MONOLITHIC  DIODE-GRID 
FREQUENCY  MULTIPLIER  ARRAY 

R.  J.  Hwu  and  L.  P.  Sadwick 
Department  of  Electrical  Engineering 
University  of  Utah 

Introduction 

Increased  interest  in  the  near-millimeter  region,  defined  as  wavelengths  from  3  mm  to  300  pm.  has 
stimulated  the  development  of  sensitive  hete^yne  receiver  for  a  wide  range  of  applications  in  radio 
astronomy,  plasma  physics,  radar  and  satellite-based  radiometry.  The  hetnodyne  receiver  requires  a 
moderate  power  level  from  its  local  oscillator  system.  The  power  requirement  is  too  high  for  a  single 
diode  multiplier  combined  with  a  low  fi^uency  source.  To  overcome  the  power  limitations  of  a  single- 
diode  multiplier,  spadal  power  combining  [1,2]  of  the  outputs  of  large  planar  arrays  of  nonlinear 
frequency  multiplication  devices  has  been  implemented  by  the  design  of  a  diode  grid  [3,4].  Thousands 
of  diodes  were  integrated  with  a  periodic  grid  in  this  approach  to  investigate  the  possibility  of  producing 
watt-level  CW  output  power  in  the  near-millimeter  wave  region.  This  is  an  attractive  approach¬ 
combining  the  power  of  each  distributed  device  using  monolithic  integrated  circuit  techniques,  thereby 
resulting  in  potentially  low-cost  fabrication  and  small-size  realization.  Ideally,  this  approach  should 
provide  inexpensive,  watt-level  CW  output  power,  solid-state  sources  in  the  near-millimeter  wave 
region.  Low-loss  quasi-optical  structures  are  used  for  filtering,  matching,  and  terminating  the  multiplier 
circuit  [3,4],  because  wave^de,  stripline  or  coaxial  structure  become  lossy  and  extremely  expensive  to 
fabricate  as  the  frequency  is  increased  beyond  100  GHz.  The  quasi-optical  structures  are  eminently 
suited  to  LO  applications  in  near-millimeier  systems  in  which  quasi-optical  diplexing  structures  are 
commonly  employed. 

The  efforts  on  the  development  of  monolithic  diode-grid  frequency  multiplier  arrays  can  be  divided 
into  two  major  areas  [5].  The  first  area  is  in  the  improvement  of  the  device  structure  of  the  individual 
frequency  multiplication  element,  the  second  area  is  in  the  development  of  the  diode-grid  array  design. 
In  the  improvement  of  the  device  structure,  the  barrier  varactor  structure  was  proposed  to  replace  die 
hyper-abrupt  Schottky  diode  structure  due  to  its  stronger  C-V  nonlinearity,  and  the  possibility  of 
providing  back-to-back  operation  for  the  higher  harmonic  (odd-harmonic)  generation.  Two  types  of 
barrier  varactors  have  been  studied.  One  is  the  Barrier- Intrinsic-N'*'  (BIN)  diode  which  is  a  ctansit-time- 
limited  device  [4,5].  The  other  is  the  modified  BIN  diode  with  a  doped  epilayer  replacing  the  intrinsic 
epilayer  of  the  BIN  struenu-e,  which  is  a  dielectric-relaxation-time-limited  device  [6],  In  the  development 
of  the  diode-grid  design,  a  full  2-inch  wafer,  instead  of  part  of  a  wafer,  was  used  to  fabricate  the  diode- 
^d  [4,5].  T^e  diode-grid  design  with  a  back-to-back  configuration  which  does  not  require  dc  biasing 
lines  was  also  implemented  [4,5].  Only  one  metal  contact  was,  therefore,  needed  in  the  fabrication 
process.  In  this  paper,  the  limitations  and  optimum  designs  related  to  these  two  aspects  of  th: 
development  of  the  monolithic  diode-grid  frequency  multiplier  array  will  be  discussed.  Potential 
problems  related  to  these  two  aspects  of  the  development  of  diode-grid  frequency  multiplier  arrays  along 
with  the  associated  device  physics  will  be  presented  in  this  ^aper. 

Device  Concept 

The  Barrier-Intrinsic-N"''  (BIN)  diode  incoiporates  a  thin  undoped  semiconductor  layer  (I)  on  a 
heavily  doped  layer  (1^  serving  as  a  back  contact.  On  top  of  the  undoped  layer,  there  is  an  ultrathin 
electron-blocking  barrier  layer  (B)  in  contact  with  a  metal  top  layer  [7-9].  With  the  low  doping  region, 
the  action  of  the  device  depends  upon  the  charge  which  is  injected  from  the  substrate  into  the  epitaxial 
layer  under  forward  bias.  The  device  can  be  switched  rapidly  between  two  capacitance  states  which 
correspond  to  accumulation  of  electrons  at  the  barrier  and  depletion  of  the  intrinsic  layer,  respectively,  by 
the  applied  bias.  This  results  in  a  highly  nonlinear  capacitance-voltage  characteristic  which  is  needed  for 
efficient  harmonic  generation. 
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Back-to>Back  Diode  Configuration 

1.  Capacitance-Voltage  Characteristic 

Due  to  the  blocking  barrier  of  the  BIN  structure,  two  diodes  should  be  able  to  operate  back-to-back 
generating  a  symmetrical  capacitance-voltage  curve.  The  sharp  spike  in  the  capacitance-voltage  curve 
eliminates  even  harmonics  and  thus  favors  tripling  operation.  In  addition,  the  height  and  width  of  this 
capacitance-voltage  curve  can,  in  principle,  be  adjusted  by  doping  control  alone.  This  arrangement 
needs  no  external  ohmic  contact,  thereby  making  a  highly  efficient  frequency  triplcr  in  which  the 
efficiency  should  not  degrade  with  high  fundamental  power.  Only  one  metal  layer  is  required  which 
greatly  simplifies  the  fabrication  task  [4,5].  In  addition,  no  idler  is  needed  in  the  circuit  design,  again 
making  the  circuit  construction  much  simpler  [4,5].  This  back-to-back  configuration  is  considered  to  be 
a  ver%'  imponant  feature  of  the  BIN  diode-grid  frequency  nipler  array.  The  back-to-back  diode 
configuration  results  in  a  much  smaller  ratio  of  Cfna,x/Ctnin  factor  of  2)  and  smoother  (i.e..  lower 
gradient  slope)  C-V  characteristic  which,  therefore,  reduces  the  noniinearity  which  is  utilized  to  generate 
harmonics. 

2 .  Cut-Off  Frequency 

The  operation  of  one  single  diode  is  ve^  different  from  that  of  two  back-to-back  connected  diodes 
[5].  To  determine  this  effective  series  resistance,  a  scries  of  high-frequency  impedance  measurements 
were  performed  on  one  single  diode,  as  well  as  on  two  back-to-back  diodes.  The  high-frequency 
impedance  measurements  were  performed  employing  an  impedance  analyzer.  The  value  of  the  effective 
series  resistance  is  determined  to  be  between  i.5Rs  and  2Rs. 

Frequency  Limitations 

1.  GoAs  Barrier-Intrinsic-N'^  Diode  (Transient-Time-Lim::ed  Device) 

The  basic  action  of  the  BIN  diode  varactor  is  the  movement  of  mobile  space  charge  into  the  epilayer 
under  forward  bias  conditions  and  out  of  it  under  reverse  bias  condinons  [5].  The  ma.Kimum  cut-off 
frequency  of  the  BIN  diode  is  determined  by  the  time  it  takes  electrons  to  cross  the  epitaxial  layer  (i.e., 
Vjj/Ttdepj).  then  clear  that  the  maximum  cut-off  frequency  of  a  BIN  diode  is  strongly  dependent  on 
the  epilayer  thickness  and  saturation  drift  velocity  [5]. 

In  the  GaAs  BIN  diode  structure,  a  Mott  barrier  is  formed  by  a  thin  intrinsic  layer  sandwiched 
between  the  metal  contact  and  a  charge  sheet  created  by  selective  doping  [8,9].  The  original  struemre 
proposed  for  the  BIN  diode  tripier  [5]  has  an  aluminum  metal  gate  in  intimate  contact  with  a  layered 
GaAs  structure  consisting  of  a  300  A  thick  undoped  GaAs.  a  100  A  thick  2x10^ ^  cm*3  heavily  doped 
n"*"  layer,  another  1500  A  thick  undoped  layer,  and  a  thick  heavily  doped  n"*"  region  grown  on  top  of  a 
.semi-insulating  GaAs  substrate.  The  electric  field  distributions  of  this  structure  under  different  bias 
conditions  have  been  studied  [5].  From  the  device  simulation  results,  the  electric  fields  in  the  epitaxial 
layer  is  fairly  high.  Due  to  the  symmetrical  nature  of  the  back-to-back  BIN  soucture;  when  one  dode  is 
reversed  biased,  the  other  diode  will  be  forward  biased.  Assuming  the  pertinent  fields  being  those  in  the 
transition  region  between  accumulation  of  electrons  at  the  barrier  and  full  depletion  of  the  epilayer,  an 
.ive.'aue  eiecmic  field  value  of  =  50  kV/cm  was  determined.  Tne  corre spending  drift  velocity  value  of  = 
LslO'  cm/sec  for  a  GaAs  BIN  diode  with  an  epilayer  thic.kness  of  1500  X  was  then  used.  The  dnft 
velocity  value  was  taken  from  the  Monte  Carlo  simulation  resuins  of  lafrate  et  al.  [lOj. 

The  intrinsic  cut-off  frequency  and  series  resistance  of  the  back-to-back  connected  GaAs  BIN  diode 
v.ith  the  original  structure  are  close  to  100  GHz  and  200  lan  average  drift  velocity  of  1x10'  cm/sec  is 
used),  respectively.  Therefore,  it  is  very  unlikely  that  the  back-to-back  GaAs  BIN  diode  will  be  useful 
as  a  highly  efficient  near-millimeter  wave  frequency  triplet  (5  i. 
r.  Ga.‘\s  Modified Barrier-Intrinsic-N^  Diode  (Rclaxation-lime-L.mued Device) 

The  cransiuon  from  a  transit-time- limited  device  to  a  dielectnc-reiaxation-time-limiied  device  occurs 
wnen  the  Debye  length  becomes  iess  than  the  epilayer  thickness  of  the  BIN  diode  structure.  The 
modified  BIN  (MBIN)  structure  (with  a  doping  level  higher  than  l.xlO^^  enr^  in  the  epitaxial  layer  of 
[he  BIN  structure)  is  no  longer  a  transit-time-iimited  device  and  acnially  behaves  in  a  similar  fashion  to  a 
.Senottky  diode  (a  dielecmc-relaxation-rime-limited  device)  [6].  The  GaAs  ,\1BIN  diode  structure 
li.scussed  here  has  a  sheet  charge  doping  of  2x10*^  cm‘3  which  is  the  same  as  that  of  the  onginal  Ga.As 
BI.N  diotic  structure.  The  GaAs  MBIN  structure  with  an  undoped  barrier  region  thicknesses  of  400  .A 
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and  an  epitaxial  layer  thicknesses  of  four  times  of  the  undoped  barrier  region  thicknesses  (1600  A) 
(needed  to  gain  a  reasonable  capacitance  rado  for  the  back-to-back  operanon)  has  been  studied.  The 
GaAs  MBIN  diode  structures  have  weaker  C-V  nonlinearides  than  the  original  GaAs  BIN  diode 
structure.  As  naendoned  before,  the  MBIN  diode  is  a  dielectric -reiaxadon-dme-Iindted  device.  The 
mobility  decreases  and,  thus,  die  resistivity  and  relaxation  time  increase  when  the  6eld  in  the  epilaycr 
region  is  higher  than  the  critical  field.  Therefore,  the  electric  field  in  the  epilaycr  needs  to  be  kept  smaller 
than  the  critical  field  to  avoid  the  degradation  of  the  speed  and  device  perfonnance  during  the  operation 
of  the  MBEN  diode  frequency  triplcr.  Due  to  this  consideration,  the  operation  of  these  MBIN  diodes  arc 
limited  to  low  pump  amplitudes.  The  optimum  operating  }x>wer  level  is  determined  with  an  epUayer 
electric  field  in  the  MBIN  structures  being  less  than  the  critical  field.  It  should  be  pointed  out  that  the 
low  pump  amplitude  here  corresponds  to  an  input  power  per  diode  possibly  higher  than  that  for  an 
individual  GaAs  BIN  diode  due  to  the  small  input  impedance  of  the  MBIN  strucnire.  The  intrinsic  cut¬ 
off  frequency  of  the  back-to-back  GaAs  MBIN  diode  designs  under  a  back-to-back  configuration  at  low 
pump  amplitude  operation  is  -  3.4  THz. 

Monolithic  Diode-Grid  Frequency  Multiplier  Array  Design 

The  general  feeling  about  the  development  of  monolithic  diode-grid  frequency  multiplier  arrays  is  that 
the  larger  the  wafer  size  is  (the  larger  total  number  of  diodesi  that  one  can  use  to  fabricate  the  diode  grid, 
the  higher  is  the  total  output  power  one  would  obtain.  In  this  section,  the  temperature  distribution  on  the 
diode-grid  substrate  is  studied  to  determine  the  possibility  of  increasing  the  total  output  power  by 
increasing  the  wafer  area  (i.e.,  increasing  the  total  number  of  diodes). 

In  the  monolithic  diode-grid  frequency  multiplier  array  approach,  a  metal  grid  is  utilized  to  integrate 
output  power  of  a  large  number  of  solid  state  devices.  The  problem  of  solving  the  temperature 
distribution  on  the  grid  is  similar  to  the  problem  of  finding  the  ste^y-state  temperature  distribution  on  a 
conduction  cross  section  heated  by  a  Joule  heat  source  [11].  The  temperature  distribution  on  a  diode- 
grid  substrate  has  been  analyzed  under  the  assumption  that  there  is  perfect  heat  sinking  at  the  four  edges 
of  the  substrate.  From  the  simulation  results,  the  temperature  distribution  on  the  substrate  is 
proportional  to  the  input  power. 

1.  Monolithic  Back-to-Back.  GaAs  BIN  Diode-Grid  Frequency  Tripler  Array 

In  the  last  two  years,  fifteen  GaAs  BIN  diode-grid  frequency  triplcr  arrays  have  been  fabricated  with 
high-frequency  measurements  performed  on  each  wafer.  The  highest  tripling  efficiency  obtained  was 
8.5%  at  an  output  frequency  of  100  GHz  [12].  This  wafer  was  destroyed  shortly  thereafter  by  pumping 
it  with  too  much  power.  While  efforts  have  been  devoted  to  repeat  this  result  with  additional  samples,  it 
has  not  been  possible  to  reproduce  the  results  of  this  measurement;  in  fact,  no  output  power  has  been 
detected  at  a  frequency  of  1(X)  GHz  from  any  of  the  other  wafers.  Through  this  study,  however,  it  was 
noticed  that  power  could  be  obtained  at  the  output  pon  (W-band  detector)  before  the  detector  was 
shielded  from  the  input  source  radiation.  It  was  further  observed  that  once  the  detector  was  completely 
enclosed  and  sealed  by  absorbers  the  detected  power  disappeared.  At  least  pan  of  the  results  obtained 
from  this  particular  sample  are  therefore  believed  to  be  due  to  scattered  source  power  (third  harmonic) 
sensed  by  the  diode  detector  since  no  effon  had  been  taken  to  shield  the  detector  from  random  radiation 
at  that  time.  It  should  be  noted  that  the  cut-off  frequency  and  series  resistance  of  these  GaAs  BIN  diodes 
were  determined  to  be  6C0  GHz  and  33  resDecrively,  assuming  an  average  dnft  velocity  of  3x10' 
cm/sec  [8,9].  A  maximum  tnpling  efficiency  of  24%  at  an  output  frequency  of  100  GHz  was  therefore 
predicted  for  these  GaAs  BIN  diode-grid  tripler  arrays  [  12). 

This  section  intends  to  explain  the  experimental  observation  that  little  or  no  output  power  was 
observed  from  the  above  Ga.'\s  BIN  diode-grid  tripler  arrays.  The  average  drift  velocity  decreases 
dramatically  with  increasing  temperature.  This  has  been  investigated  experimentally  by  Windhom  et.  al. 
using  the  microwave-time-of-fli^t  technique  [13].  Based  upon  the  temperature  distribution  simulation, 
the  peak  temperature  on  a  diode-grid  substrate  is  determined  to  be  higher  than  200  if  the  input  power 
is  30  W  on  an  area  of  15  cm-^  which  are  close  to  the  amount  of  input  power  and  the  area  of  the  GaAs 
BIN  diode-grid  design  on  a  2-inch  waicr  used  in  the  above  frequency  tripling  experiments,  respectively. 
It  should  be  pointed  out  that  the  reason  of  using  such  a  high  total  input  power  in  the  original  GaAs  BIN 
diode-grid  tripler  array  experiment  is  due  to  the  use  of  optimistic  drift  velocity  value  of  3x10^  cm/sec 
proposed  originally  [8,9J  to  estimate  the  device  senes  resistance  and  cut-off  frequency.  From  the 
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tcmperatuit  distribution  results,  the  temperature  distribution  on  the  G^s  BIN  diode  grid  is  very  high 
and  the  drift  velocity  is  further  reduced.  Based  upon  the  result  of  Windhom  et  al.  [13],  the  value  of 
6x10^  cm/sec  should  be  used  to  calculate  the  intrinsic  cut-off  frequency  and  scries  resistance  of  the 
GaAs  BIN  diode-grid  frequency  triplcr  array.  Tlie  calculated  series  resistance  (using  a  samration 
velocity  value  of  6x10^  cin/sec)  have  been  shown  to  be  more  in  agreement  with  the  high-frequency 
impedance  measurement  results  performed  [5].  The  calculated  intrinsic  cut-off  fiequcncy  also  agrees 
well  with  the  GaAs  BIN  diode-grid  frequency  tripling  experimental  results.  The  intrinsic  cut-off 
frequency  and  series  resistance  of  the  GaAs  BIN  diode-grid  triplet  array  u  -rd  in  the  previous 
experiments  are  close  to  60  GHz  and  330  Q  (an  average  drift  velocity  of  6x10^  cm/scc  is  used), 
respectively. 

2.  Monolithic  Back-to-Back  GaAs  MBIN  Diode-Grid  Frequency  Tripler  Array 
It  should  be  pointed  out  that  due  to  the  relatively  low  input  impedance  of  the  device,  the  optimum 
pumping  power  is  high  for  each  diode.  It  is  impossible  to  fabricate  a  diode  grid  on  a  full  2-mch  wafer 
due  to  the  lack  of  an  available  power  source  and  the  extremely  high  temperature  distribution  on  the  diode 
grid.  The  GaAs  BIN  diode  structure  does  allow  larger  wafer  area  integration  Oarger  number  of  diodes 
integrated)  compared  to  the  MBIN  diode  stmetures  due  m  the  small  pumping  power  required.  However, 
due  to  the  relative  low  intrinsic  cut-off  frequency,  the  high  frequency  performance  of  the  GaAs  BIN 
diode  is  poor  in  comparison  to  that  of  the  MBIN  diode. 
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ABSTRACT 

la  Ihia  papa,  A  aew  idad  of  compound  aucrootrip  quam-^ticai  power  combiner,  which  ia  that  the  radiant  power  of 
many  two-derice  mkroatrip  oacillaton  ia  combined  in  the  <|uaM-opticai  leaonator,  ia  propoaed.  Rxperimcnta  indicate 
that  output  power  and  raaonaat  ftequency  hare  relation  to  the  aise  of  each  two*derice  mkroetrip  oecillator  and  the 
place  of  derkea.  The  combining  powers  are  280(fflw)  uaing  four  Gunn  dericea  and  a  combining  efficiency  of  about 
'  80%  haa  been  adiiered  at  X-baad. 

I  INTRODUCTION 

Conrentioaal  wsregnide  power  combiners  are  limited  in  power  output , efficiency  and  number  of  aoutea  that  may  be 
combined  in  the  millimeter-ware  region.  In  order  to  obtain  High-power,  solid-state  sources  must  use  large  numbers 
of  derices.  On  the  other  hand,  qnaai-optical  resonators  hare  linear  dimeaaion  Irtrge  compared  to  warelength  and 
they  o^  an  attnctire  approach  to  orercome  these  limitations.  Sereral  difiecent  approaches  to  quasi-opticai  power 
combining  hsre  been  derelped  by  lesearebeis  during  the  last  one  decsde{l]'(3].  More  recently  s  plsnsr  quasi-opticai 
spproacfa  baa  been  suggested  for  combining  the  output  powers  of  millimeter  ware  derice[4].  Two  types  of  quasi-opticai 
arrays  hare  been  repotted  to  datejS].  One  uses  a  distributed  oscillator  approach  in  which  the  derices  are  mounted  in 
a  periodic  grid  structure  |6]  and  placed  in  an  open  quasi-opticai  carity.  A  second  approach  inrolres  arrays  of  coupled 
indiridual  oeciUator  elements!?].  In  this  paper,  we  present  for  the  first  time  a  new  kind  of  compound  mkroetrip 
quasi-opticai  power  combining  structure,  which  uses  many  two-derice  microstrip  oscUlatois.  We  report  the  resulta  of 
experiments  with  an  X-band  model  consisting  of  four  Gunn  diodes. 

n.  COMBINER  CONFIGURATION 

To  inrestigate  tbe  feasibility  of  our  approach,  the  configuration  of  the  X-band  resonator  is  shown  In  fig.  l.  The 
resonator  conmsts  of  two  surfaces  which  are  large  In  terms  of  the  operating  wareleth.  one  surface  is  a  perfect  planar 
reflector,  the  other  reflector  ia  eo  oppoeing  concare  epherical  sdrror.  Fig.  2  ahowe  the  etructura  of  the  planer  reflector, 
there  ia  a  dielectric  medium  which  high  is  l(mm)  and  nlatire  pannittirity  ia  24  on  tha  plsnsr  reflector  and  there  are 
two  microstrip  patches  on  the  dielectric.  The  sme  of  the  microstrip  patch  is  a  X  b.  The  output  power  is  extracted 
by  a  wsweguide  at  the  center  of  the  pherical  mirror. 
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TIm  J»iim  ipi— «wi  l»«  mrnrm  JwihiJ  •  mmtflu  ■  R J<,0  wb^  B 

art  Um  four  paiaMten  of  the  oqninlaBt  ciieuit  of  qii«ri>optkal  naoMtor.  ‘B4  «ad  Ca  an  tho  panuMtan  of  tba 
aquhraloBt  eiraiit  of  aach  Oiua  davka.  Tha  oadUatioa  fnqnaacy  vaa  cakalaad  aaac  tka  aqaWalaBt  ciienit  ahoara  ta 
fc>3. 


Tlia  naoaator  prapoaad  ban  haa  tba  Mkaring  advaaUgaaca  laiga  nnadtar  of-dtakaa  aaa  ba-BO«Btod,  it  kaa  »  Unfa 
boat  diaaipatioB  capacity  and  baa  a  aiaple  biaainc  dRuit  and  conatraction. 

m.  EXPERIMENT 

Foiloarinx  tabic  1  abowa  tbe  combinint  poorer  and  fRouescr  with  the  difiamt  aiaa  of  laicnatrip  patch  and  the 
place  of  each  derice  uaing  two  X-band  Gunn  diodea.  We  obtain  that  the  ue  of  each  two-device  nuenatrip  oaciUator 
and  the  place  of  each  device  have  a  lane  effect  on  tbe  output  power  and  reaonant  freqiimcy.  The  aane  ttae  (aee 
table  2),  we  have  aucceeded  In  power  combining  for  up  to  4  diodea  (2X2),  obtaining  an  ontpot  power  ta  2S0(iaw)  at 
10.756  Qha  and  a  combining  efficiency  of  about  60%  (combuiing  efficiency wontput  power/ the  aum  of  power  of  each 
device  in  normal  waveguide  naontor). 

IV.  CONCLUSION 

A  new  kind  of  compound  microstrip  qnasi-optical  power  combining  oadOator  is  presented.  A 
simple  equivalent  cirenit  was  used  to  predict  tbe  oeciilation  beqaeocy  of  devices  with  an  acceptable 
degree  of  accniacy.  It  is  expected  that  tbe  monolithic  qnasi-optical  technology  will  be  an  important 
tool  in  achieving  reprodncible  iow-cost,  high-performance  devices  operating  at  millimeter  wave  and 
even  higher  mfllim^r-wave  frequencies. 
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Fig.3  The  equivalent  drcnit 
TABLE  I 
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A  SOLID-STAOX  QEHSRATOR  WITH  A  QUASIOPTICAL  DIELECTRIC  RESONATOR 
S.N.Kharkovsicy  and  A.Ya.Elrichenko 

Institute  of  Radiophyaica  and  Electronic  a.  Academy  of  Sciences  of  the 
Ukraine,  31008^  Kharkov,  the  Ukraine 

Dielectric  resonator  (DR)  with  lowest  modes  finds  many  applications 
in  oscillator  designs  at  microwave  frequencies  due  to  the  temperature 
-stable,  high  permittivity  materials,  availability  of  low-cost  /!/. 
However  the  most  DR  applications  are  in  the  range  of  2  to  20  GHz. 

The  degradation  of  Q-factor,  decrease  of  the  DR  dimensions  with  in¬ 
crease  in  operating  frequency  limits  the  use  of  DRs  with  lowest  modes 
for  mm  wave  range. 

In  this  work  we  present  a  new  mm-wave  range  solid  state  generator 
which  appeared  as  a  result  of  the  purposeful  research  of  oscillating 
systems  adequate  to  this  range  and  effectively  conjugated  with  semi¬ 
conductor  diodes. 

In  our  generator  electromagnetic  oscillations  are  realized  by  Gunn 
diodes  or  IlIPATT-diodes.  Resonance  conditions  are  provided  by  a  quasi- 
-optical  dielectric  resonator  (QDR)  in  a  form  of  dielectric  semidisks 
with  a  metal  mirror.  In  a  two-diode  module  (Fig.l)  diodes  1,2  are  po¬ 
sitioned  in  separate  rectangular  grooves  in  the  mirror  3  and  they 
excite  in  a  semidisk  4  poor  dissipated  azimuthal  modes  of  the  high 
order  (for  example,  the  distribution  of  the  electric  field  of  the 
mode  with  the  azimuthal  wave  number  n  =  9  is  shown  by  dash  lines  in 
Pig.  1).  These  modes  are  of  the  •'whispering  gallery"  type.  Since  mo¬ 
des  are  formed  by  the  "sliding"  traveling  waves  inside  the  dielectric 
corresponding  to  small  incidence  angles  their  reflection  factor  prac¬ 
tically  equals  to  1.  That  is  why  these  fields  are  localized  in  the 
vicinity  of  the  resonator  side  surface  and  the  resonator  has  a  high 
value  of  Q-factor.  The  output  of  the  energy  is  carried  out  by  means 
of  the  dielectric  waveguide  (DW)., 

One  may  assemble  a  multidiode  generator  from  one-  or  two-diode  modu¬ 
les  by  means  of  distributed  electromagnetic  coupling  between  semi- 
disks  moxmted  on  a  general  mirror.  It  provides  generation  of  high- 
-stable  electromagnetic  oscillations  with  a  frequency  of  the  range 
10-13C  GHz  and  summarization  of  powers  of  a  great  number  of  Gunn  dio¬ 
des  or  IMPATT-diodes. 

The  experimental  inveetigations  are  carried  out  in  the  8  mm  wave  band. 
The  QDR  dimensions  are  as  follows:  the  radius  -  R~5yl  »  height  - 
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-*  Ci)  is  the  length  of  the  wave  in  the  resonator). 

Pig.2  shows  electronic  tuning  frequencyhf  and  output  power  p  of  £H 
oscillation  of  the  two-diode  Gunn  generator  (curves  1).  Operating 
frequency  is  approximately  40.02  GHz,  maximum  output  power  is  150  mW. 
These  characteristics  are  compared  with  measured  frequency  and  output 
power  versus  voltag#  7  of  one  diode  in  the  reduced-height  rectangular 
waveguide  (curves  2)  and  of  the  one-diode  module  with  QDR  (curves  5). 
As  the  Figure  shows  output  powers  of  one-diode  generators  (dashed 
curves  2  and  3)  differed  sli^tly.  In  the  case  of  two  diodes  summa¬ 
tion  of  their  powers  and  stabilization  of  the  operating  frequency  are 
observed. 

A  mechanical  tuning  of  frequencies  of  the  generator  with  QDR  is  ac¬ 
complished  by  several  methods.  For  example,  the  DR  can  be  used  in 
the  fozm  of  two  dielectric  aemidisks  on  a  general  mirror  (Pig.3). 

The  resonance  frequencies  of  the  odd  (even)  type  oscillations  are 
monotonically  increased  (decreased)  with  the  decrease  of  the  distance 
d  between  the  semidisks  (dashed  curves  in  Pig. 4  for  the  mode  with 
the  azimuthal  wave  number  n  =  41).  The  tuning  of  the  generation  fre¬ 
quency  (approximately  2%)  is  accomplished  in  the  generator  with  dio¬ 
des  displaced  in  the  middle  of  the  QDR  system  (continuous  curve  f). 
The  output  power  change  is  shown  in  Pig. 4  (continuous  curvep). 

Oonclusion.  A  possibility  of  designing  a  solid-state  generator  on 
the  basis  of  semidisk  quasioptic  dielectric  resonator  has  been  shown 
in  the  mm-wave  range.  It  is  a  new  class  of  the  solid-state  generators 
which  have  a  good  perspective  at  short  mm-wave  range.  The  device  can 
be  designed  by  means  of  hybrid-integral  technology  and  conjugates 
effectively  with  integrated  circuits  of  the  mm-wave  range. 
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Ferrite  and  semiconductor  devices  of  quasioptical  type  constrac- 
tion  has  it's  specificity  which  is  connected  with  the  transformation 
of  working  type  of  modes  into  highest  ones.  That  is  why  it  is- neces¬ 
sary  to  provide  for  the  regularity  of  active  element  switching  on 
in  the  crosa-sectlon  of  the  quasioptical  line.  In  other  words  the 
ferrite  and  semiconductor  element  must  be  excuted  in  the  form  of  a 
f Iht-parallel  structure,  which  completely  overlaps  the  cross-secti¬ 
on  of  a  transmission  line. 

In  this  connection  it  is  preferable  to  use  Faraday  rotator  of 
plane  of  polarization  combined  with  the  polarization  divider  in  form 
of  a  cruciform  ramification  of  the  quasioptical  line  of  transmission 
with  small-mesh  diffraction  grating  in  diagonal  cross-section  [IJ, 
which  allows  to  realize  a  wide  set  of  functional  devices  of  different 
tlpe.  In  these  conditions  a  polarization  plane  turning  angle  o((  =45*  is 
characteristic  for  nonreciprocal  circulator  (Fig.  la)  and  isolator 
(Fig.  lb),  and  ato^=90*  H  v  H 

there  are  properties  of  —  *  x  ___ 

reciprocal  cwitch  (Fig.  . .  CS]  I  4  L_  IffWI 

Ic,  Id).  The  parameters  l  7’  ■{  ^  I  •*  .*  > 

of  similar  devices  are  |  1  H  2/  I  2/ 

determined  by  attenua  -  — i*  a  -  ~IA  1  - 

tion  in  the  line  of  tra-  ilMI  1X3 

nsmlsslon,  polarization 

divider,  material,  by  ^  ~  ^  A-  "  A 

the  losses  in  the  pro  -  V.  j  J  y 

cess  of  transformation  a)  b) 

into  the  highest  modes 

as  well  as  by  the  pre  -  „  „ 

sence  of  reflections 

from  the  ferrite  element.  [X]  |  I  IWV! 

And  it  should  be  menti  -  .  ■■ —  i  — 

oned  that  the  last  fac-  T 'I  ■  ^  T  H  »'*  ^  I 

tor  is  of  particular  im-  -* _ 

portance,  while  the  con-  IS]  ISl 

tribution  of  other  com  -  -n. 

ponents  may  be  minimized.  f-  n  f ~ 

Girotropic  character  of  p  , 

the  magnetized  ferrite  ^ 

leads  to  the  difference  Fig.  1. 

in  wave  resistances  of 

medium  for  the  polarized  in  cirle  weves  of  the  right  and  left  direc¬ 
tions  of  polarization  plane  rotation,  in  connection  with  the  matching 
of  the  fe’Tlte  element  in  quasioptical  transmission  line  represents  a 
nontrivi,,!  task. 

We  have  suggested  a  matching  method  [2],  based  on  utilization  as 
a  ferrite  element  of  multilayer  structures  in  the  form  of  gyrotropic 
resonators  Fabri-Pero,  which  can  be  independently  adjusted  for  each 
of  the  orthogonal  field  components. 
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Baaed  on  such  structures,  in  the  frequency  band  140  GHz  there 
have  been  developed  a  quaaioptical  circulator,  isolator  and  channel 
selector  switch  for  oversize  waveguide  with  a  round  cross-section 
of  10 X  diameter  with  the  mode  [3].  The  ferrite  element,  exerci- 

ced  in  a  form  of  a  sistem  of  four  yttrium  ferrite  disks  with  the  sum¬ 
med  up  thickness  of  ^6A,  provided  for  the  polarization  plane  turning 
angle =45°  at  outer  raugnetic  field  strength  H=8000  A/m,  introducing 
losses  into  the  line,  which  are  no  more  then  0,3  dB. 

For  circulator  (Fig.  la) 
summed  up  losses  in  the  de  - 
vice  in  frequency  band  0,5% 
are  1  dB  (Fig.  2,  curve  1)  , 
and  here  the  channel  discri¬ 
mination  (curve  2)  is  no  more 
than  22  dB.  The  similar  para¬ 
meters  are  characteristic  of 
isolator  (Fig.  lb)  and  switch 
(Fig.  Ic) .  In  the  latter  case 
the  switching  of  working  regi¬ 
mes  is  exercised  during  the 
switching  of  the  outer  magne¬ 
tic  field.  In  order  to  elimi  - 
nate  the  shunting  effect  of 
short-circuiting  turn,  formed 
by  the  walls  of  the  waveguide, 
the  latter  is  made  of  dielect¬ 
ric  with  a  thin  conducting  cover 
The  time  of  switching  in  such  a  device  was  10 

Another  class  of  switching  devices  of  quasioptical  type  is  based 
on  utilization  of  the  photoconductivity  in  semiconductors.  In  this 
case  a-  semiconductor  plate  is  installed  in  the  diagonal  cross-sec¬ 
tion  of  the  cruciform  ramification  of  a  quasioptical  transmission 
line.  In  absence  of  optical  pumping,  the  electromagnetic  wave  from 
the  input  arm  passes  with  small  losses  semiconductor  plate,  the 
thickness  of  which  is  chosen  to  be  equal  to  the  half  of  wavelength 
in  the  material,  a,-id  then  it  arrives  at  the  direct?output  arm.  Opti¬ 
cal  radiation  is  proided  through  side  arm,  as  a  resalt  of  which  the 
concentration  of  non-equilibrium  curriers  in  the  semiconductor  in  - 
creases  and  the  wave  is  reflec- 
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ted  from  the  plate  into  the  side 
output  arm.  Electrod inamic  cha¬ 
racteristics  of  a  si.milar  device 
have  been  studies  in  the  frequ  - 
ency  band  140  GHz.  and  the  semi¬ 
conductor  plate  was  made  of  Ge 
(£=15,7;  p=45il*cm)  and  51  (£  = 

11,5;  yD  =  150Il*cm)  .  In  absence  of 
optical  pumping  and  in  case  of 
ramification  in  H-plane,  the  lo¬ 
sses  in  electromagnetic  energy 
transmission  from  input  arm  into 
direct  output  arm  were  0,3  dB 
(for  Ge)  and  0,8  dB  (for  Si)  and 
bandwidth  in  this  case  was  equal 
to  12;i  and  20%  accordingly.  In 
case  of  optical  pumping  the  los¬ 
ses  eiectrcmagnetlc  energy  tran¬ 
smission  from  input  arm  into  side 

output  arm  are  determined  by  a  density  of  radiating  power,  and  their 
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dependance  on  the  flow  of  photon  power  is  shown  in  Fig.  3  (smooth- 
curve-calculation,  dots-resalt  of  experiments).  As  caii  be  seen,  in 
order  to  make  losses  leas  then  1  dB,  the  dencity  of  photon  flow 
must  be  more  tlian  10^^  ,  which  corresponds  to  power  ~  1 W 

In  Case  of  impels  optical  pumping  it  is  necessary  to  take  into 
consideration  the  velocity  of  non-equilibrium  carrier  generation  , 
which  at  small  periods  of  time  of  the  opticai  radiation  action,  le¬ 
ads  to  encreaslng  of  the  necessary  value  of  intensity.  Numerical  so¬ 
lution  of  continuity  equation  for  this  case  for  Impulse  duration 
10  s  allows  to  determine  the  distribution  of  non-equilibrium  carri¬ 
er  concentration  and,  by  holding  reflectivity  factor dB  to  deter  - 
mine  the  necessary  photon  flow  density,  which  should  be  not  less  10"^ 
cm'^  *3~'*  .which  excesses  by  an  order  of  magnetude  the  corresponding 
intensity  value  in  case  of  stationer  optical  pumping.  For  the  chosen 
parameters  the  necessary  power  of  optical  pumping  source  ^300  W. 

Such  a  device  has  been  experimentally  made  in  frequency  band 
140  GHz  based  on  oversize  waveguide  with  round  cross-section  of  10A. 
diameter  with  the  mode  H.  ,  and  as  a  source  of  optical  pumping  there 
was  used  a  semiconductor  in jection  laser  GaAs,  maximum  radiation  for 
which  corresponds  to  the  wavelength  X  =0,9  which  well  agrees  with 
the  spectra  of  photoconductivity  of  Ge  and  Si.  Recovery  time  in  such 
a  device  at  the  level  10  dB  is  (1-5)*10”  s  and  losses  are  no  more 
than  1  dB. 

The  date  provided  in  the  paper  confirm  the  good  prospects  for- 
the  use,  of  Fraday  effect  in  ferrite  and  for  the  use  of  the  mechanism 
of  photoconductivity  in  semicnductors  while  creating  quasioptical 
ferrite  and  semiconductor  devices  of  millimeter  and  submil lime ter 
wavelength  band. 

REFERENCES 

[1]  H.J.  Hindin,  J.J.Taub,  "Faraday  Rotation  in  Oversize  Waveguide 

at  Two  and  One  Millimeter  Wavelengths',  Pros.  IEEE,  1966,  vol.  54^ 
7,  pp  988-989 

[2]  A. A.  Kostenko,  “Matching  of  Ferrite  Elements  of  Nonreciprocal 
Quasioptical  Devices",  Radiotekhnika  i  Elektronika.  1981,  vol  26, 
10,  pp  2044-2052. 

[3]  A. A.  Kostenko,  G.I.  Khlopov,  "Quasioptical  Ferrite  Devices", 
Izvestiya  Vuzov,  Radiofizika,  1989,  vol  32,  4,  pp  502-509. 


•  333  • 


W5.7 


STUDY  ON  QUASI -OPT I CAL  SPHERECORNERECHELETTE  OPEN 
RESONATOR  SOLID-STATE  OSCILLATOR 
0. I.BELOUS,  A.I.FISUN,  A.M.FURSOV,  A. A. KIRILENKO 

The  solving  of  some  problems  of  radiophysics  and  millimeter  and 
submillimeter  wave  techniques  put  forward  higer  requirements  to 
the  sources  of  electromagnetic  radiation.  On  the  first  place  it 
concerns  the  spectrum  characters.  The  high  stability  of  frequancy 
oscillation  can  be  reached  with  the  help  of  outer  sinhronisation 
oj^  the  frequency  by  frequency  standard.  The  other  way  of  achieve¬ 
ment  of  the  high  stability  frequency  of  signal  is  the  rising  un¬ 
loaded  Q-factor  of  oscillating  system  of  generator.  This  way  al¬ 
lows  to  solve  several  problems  at  the  some  time.  In  particular 
high  Q  of  oscillating  contour  decreasr-s  the  level  of  frequency 
noise  near  from  the  carrier  frequency. The  short-term  and  long¬ 
term  stability  of  the  frequency  is  defined  with  the  stability  of 
geometry  dimensions  of  the  resonator  and  the  value  unloaded  Q. 
Hermetisation  and  termostabilisation  decrease  assentially  the  in¬ 
fluence  of  the  outer  destability  factors  on  the  long  time 
stability. 

The  results  of  the  analysis  characters  of  the  solid-state  gene¬ 
rators  with  quasi-optical  oscillatior;  system  are  considered  in  this 
paper.  The  resonator  of  the  generator  consists  of  a  smooth  spheri¬ 
cal  mirror  and  mirror  that  is  made  up  of  two  echelettes  at  angles 
45  to  the  resonator  axis.  It  is  the  spherecornerechelette  open 
resonator < 1 ) .  The  calculations  of  the  amplitude  and  phase  of  ele¬ 
ctromagnetic  field  it)  this  resonate:'  are  discribed  in  this  report. 
This  calculation  shows  that  the  allocation  of  the  electromagnetic 
field  in  the  aperture  of  the  slot  depends  on  the  coupling  factor 
(the  size  of  the  slot)  in  the  case  of  the  excitation  of  the  reso¬ 
nator  on  the  resonance  frequency . The  mechanism  of  the  excitation 
of  oscillations  in  this  resonator  with  the  help  of  Sunn-diode  or 
IhPATT-diode  was  examined.  It  has  been  allowed  to  solve  the  opti¬ 
misation  problem  of  the  internal  active  element  placement  in  the 
dispersion  open  resonator  with  the  grating. 

1.  A. V. Archipov,  0.  I . Belous, E. M. Bulgakov  and  other . Millimeter  Wave 
Stable  Solid-State  Sources  With  Srhereechelette  Open  Oscillating 
System. Int.  Conf.  on  Millimeter  Wave  and  Far — Infrared  Technology. 
China.  1990. p . 539-540. 
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The  quasi-opiical  waveguides  of  ihe  class  of  "hollow 
dielectric  channel”  (DC-waveguide )  Cll,  naaely  the  hollow 
dielectric  waveguide  (HDW)  C2],  the  aetal  dielectric  waveguide 
tHDV)  Cl, 33  ets.,  are  widely  used  for  the  transmission  of  the 
electroaagnetic  waves  of  aa  and  subaa  ranges.  Many  devices  are 
created  on  the  base  of  such  transaission  lines  and  an  actual  task 
IS  the  conjugation  of  the  quas i-opt ical  lines,  in  particular 
ones,  which  are  ful filed  on  the  DC-waveguides  of  the  saae  type 
having  the  different  sizes  of  the  transversal  section. 

The  aain  task  of  this  work  is  to  apply  the  well-known  aethod 
of  the  examination  of  the  non-regular  transmission  lines  C43,  to 
the  DC-waveguides  of  the  variable  section. 

According  to  the  paper  C41,  the  amplitudes  of  the  spurious 
waves,  which  arise  in  the  result  of  the  scattering  of  the 
operating  mode  with  the  index  m  by  the  final  part  of  the 
waveguide  of  variable  section,  are  defined  by 
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k,  L-is  the  transition  length,  J  h^  dz. 

o 

The  coordinate  axis  z  -  is  the  axis  of  regular  waveguides 

connected  by  the  transition.  Its  origin  coinc ides  with  the 

beginning  of  the  non— regular  region.  The  formula  (1)  with  the 

supper  Sign  leads  to  P(I1  at  j>0,  j^m  and  it  leads  to  P(0!  at  j<® 

j  J 

With  the  down  sign.  Now  it  necessary  to  calculate  the  coupling 

coefficients  S  in  the  limits  of  non-regular  region.  Let  us  take 

the  expression  for  the  coupling  coefficient  of  the  waves  in  the 

waveguide,  that  filled  by  piecewise  homogeneous  medium,  as  the 

initial  formula  C3] 
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Here  E^ ,  E^.  E^  -  is  the  values  z:  the  2-field  component  of 

s  :  n 

the  mode  of  index  k  at  the  interior  bcr.dary  of  the  channe.  of  the 
regular  waveguides,  uiz'  -  is  the  tangent  of  the  angle  between 
2-axis  and  the  tangent  to  the  bondary  surface,  that  is 
perpendicular  to  the  cross-sect lon  circuit,  s  -  is  the 
permittivity,  2,  n,  s  -  are  local  transverse  coordinates  along 
the  medium  bondary  on  the  circuit  C. 

The  boundary  condition  of  the  imcedance  type,  which  for  the 
normal  component  of  i-field  at  n=o  have  t.ne  next  form  C3]: 


n 

1.  (  £■-  1  ' 
- :: - 

—  E 

n 

2 

izT  HDW 

(3a  ) 

k> 

<  ’  '  c 

—  t  e  ( .*«d  ( £  -  1 )  E 

n 

fcr  MDW 

,  Obi 

where  k.-2T: 

/\  \  -  i 

the  wavelength,  d  - 

is  the 

non-resonant 

dielectric  laver  thickness  in  MDU,  s  -  iz  the  permittivity,  of 
the  c.nannel  wail  of  DC  -  wavegu  i  de  . 

Taiiir.E  into  account  that  the  condition  h  /k~l  is  subisfied 

TTS 

m  DC-waveguide ,  let  us  introduce,  analogously  to  the  work  C53, 
.n  ui.ic.o  the  problem  of  the  propagating  cf  the  electromagnetic 
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uav9s  along  the  Earth  was  considered,  the  paraseter  c  ,,,  t 

911 

Beans  of  which  the  bondary  conditions  for  DC-uaveguide  will  b«- 
written  in  the  next  general  fora  : 


•  1  f 


From  here,  in  particular  for  the  above-mentioned  bondar 
structures  taking  into  account  (3a,  b)  it  is  easy  to  receive  the 
next  evident  expressions  for  e  : 


•  for  HDW 

£  =  i 

t  -e^ctg*(/td(«-l  for  MDW. 

Substituting  i-nto  (2)  the  values  of  2-field  component  anc 
«  for  £,  we  find  the  coupling  coefficients  S  ,  and  so  the 

•II  i 

amplitudes  of  spurious  waves  P  . 

j 

As  an  example  the  circular  tapered  transition 

(y(s)  =  (a  -a  )/l,  where  a  and  a  -  are  the  radii  of  the  interior 
2  1  1  2 

channels  of  DC-wavegu ides ,  that  are  conjugated),  in  which 
EH^^-modes  of  DC-wavoguide  propagate  Cll,  was  considered. 

In  Fig. la, b  the  concrete  examples  of  the  calculating  of  the 
amplitude  of  the  sporous  waves  for  the  dominant  EH^^-mode  versus 
the  length  of  the  round  tapered  transition  with  the  parameter. 
2a^sl2Bm,  2a^=2®Bm,  are  presented.  Fig. la  corresponds  to  HDW  uitt 
£=2.3,  tg5=0.®5  (carbolite),  fig,  lb  corresponds  to  MDW  witr 
£=3.03,  tg<5=0.01  (mylar).  The  calculations  haue  been  done  for 
X=lBn  and  antiresonant  dielectric  layer  thickness 
(2/td(£-l )  *'"^=ti/2)  . 

Formulas,  have  been  recieved  by  us,  allow  to  do  the 
calculations  of  the  transitions  with  another  forms  of  the 
transverse  section  and  to  examinate  the  possibility  of  the 
optimization  of  the  transition  about  the  minimum  of  the  loss  to 
transformation  of  operating  modes  into  the  spurious  ones. 
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1.  INTOODUCTION 

Open  resonators  nade  as  two  flat 
and  parallel  to  each  other  airrors  were 
for  the  first  tiae  eiployed  in  1958 
in  designing  sub-m-wavelength  range 
Molecular  aaplifier  and  oscillator  [11. 
Following  application  of  open  resona¬ 
tors  were  in  gyrotrons  [23  and  orotrons 
C3].  These  devices  feature  a  principle 
of  protracted  interaction  of  electrons 
with  aicrowave  field.  Microwave  elec¬ 
tronics  also  widely  eiploys  a  principle 
of  short-term  interaction  of  electrons 
with  aicrowave  field  as  well,  for  ins¬ 
tance  in  the  klystron-type  electron  de¬ 
vices.  Well-known  types  of  open  resona¬ 
tors,  however,  do  not  permit  to  use 
them  in  electron  devices  featuring 
sLt-rt-term  interaction  of  electrons 
with  aicrowave  field.  Therefore  the 
task  of  this  paper  comprises  the 
insij^it  into  this  problem  and  the 
seeking  of  its  suitable  solving. 

2.  THE  PRINCIPLES  OF  DESIGNING 

FOCUSING  OPEN  RESONATORS  (FORs) 

An  analysis  of  various  types  of 
open  resonators  has  shown  th» 
possibility  to  attain  a  suitable 
solution  to  the  above-mentioned  problem 
using  the  focusing  of  an  electro- 
■agnetic  field.  Following  this  process, 
the  necessity  to  maintain  an  electro- 
aagnetic  field  arises  for  the 


possibility  to  its  subsequent 
application  in  effecting  its  short-term 
intension  with  an  electron  stream. 
To  secure  a  focal ly-converged  field 
a  horn  can  be  used,  and  to  effect  the 
electron  interaction  with  a  field  there 
can  be  employed,  for  instance  a  closed 
waveguide’s  section  connected  to  a  horn 
through  holes  in  its  walls.  Applica¬ 
tions  of  the  mentioned  techniques 
result  in  a  structure  of  a  focusing 
open  resonator  (FOR)  shown  in  Fig.i. 


Fig.l.  Focusing  open  resonator. 


A  coscjre  3!r?QT«  2.  «  !lect?ic  field- 
'■  •  iiorn-  f'  A  MTeeeide'j  lectian- 

5-  A  hole  for  t>.i  •Isctroi!  ‘.3  ?jk> 

SicroviTS  ?ouer  • 

The  question  naturally  comes. 
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whether  the  pneration  of  $table 
oscillation  in  the  offered  resonator 
is  possible.  The  answer  to  this 
question  follows  based  on  the  possible 
application  of  the  theory  of  open 
resonators  t41,  flssuae  the  appearance 
of  a  standing  love  in  the  offered 
resonators.  Then  in  the  opening  of  a 
horn,  in  the  cross-sortinn  CiO^C 
(Fig.ii,  for  instance,  there  may  appear 
an  electric  node.  Theoretical  substitu¬ 
tion  of  a  spherical  surface  for  this 
cross-section  will  result  in  a  system 
comprising  two  mirrors  -  a  concave  one 
with  a  curvature  rading-R^,  and  a 
convex  one  with  a  curvature  radius  - 
Ra,  and  with  interval  between  them  -d. 
(Fig.ij.  Tne  theory  of  open  resonators 
sai^'  that  this  syptem  sees  the  genera¬ 
tion  of  stable  oscillations,  if  the 
relationships  are  met:  CL^^^<dL+R2. 
i.e.  in  this  system  comprising  a 
spherical  concave  mirror  and  a  horn 
with  a  section  of  a  short-circuited 
waveguide,  oscillations  will  be  stable, 
if  the  center  of  a  curvature  radius  of 
a  spherical  mirror  (point  O^  'i  is 
located  on  the  axis  inside  a  horn, 
i.?.  in  the  interval  between  a  neck 
uh:::.  is  a  cents’"  c'  a  wavefront's 
rurvaturs  in  a  horn  (point  O2I,  and  a 
center  of  a  horn  opening  (point  O3}. 

At;  approximate  analysis  of  the 
properties  of  cfiersd  FGF.  icas  shown 
that  ti'.;  diameter  Dff  of  a  horn  and  the 
di'amo^  ;r  Dm  of  a  mirror  have  to  be 
conrcc:-':  through  the  relationship: 

Adlp  ,  where  Jlp  is  a 
resonance  wavelength.  It  approximately 
foiicjs  that  n;ip/2=d+Ri+p,  where 
n  is  an  integer  Q.-  factor  of  a  resona¬ 
tor  comprises  about:  Q=2jr(d+R2'"P)  . 

ahere  0  ia  a  suMsd  relative  loss  for 


a  single  pass  of  a  wave  from  a  lirror 
to  a  short-circuit  in  a  waveguide, 

3.  THE  RESULTS  OF  EXPERIMEimiL 
STUDIES  OF  fl  F0CUSIN6  OPEN 
RESONATOR 

To  experimentally  study  a  FOR,  a 
special  mock-up  has  been  designed  and 
produced.  A  resonator's  prototype 
features  following  basic  dimensions. 
The  length  of  a  conical  horn  -  27  mi. 
An  angle  of  a  horn  opening  30°,  ITie 
length  of  a  waveguide  connected  to  a 
horn  -  3  mm.  Waveguide  dimensions  - 
2.4  X  1.2  mm  .  The  diameter  of  a  horn's 
outlet  -  15.5  mi.  Mirror's  radii  of 
cur’-'Licure  -  50  -  100  mm.  A  spherical 
mi.rcT's  diameters  -  65  -  '00  un. 

An  excitation  of  a  .  tsonator  has 
been  effected  through  a  waveguide's 
section  connected  to  a  horn.  This 
connection  has  been  adjusted  by  a 
diaphragm  D,  having  a  hole,  This  diaph¬ 
ragm  is  0.05  mm  in  thickness,  and  a 
:  jle  has  a  diameter  O.B  mm.  Fig, 2  shows 
’’esults  of  experimental  studies  at 
the  3.2  E2  -  wavelength.  Dashed  verti¬ 
cal  lines  indicate  critical  locations 
of  a  mirror’s  cm'aturs  center. 

The  left  line  shows  the  coinci¬ 
dence  bct’ween  the  centers  of  a  mirror's 
c:jrvature  and  of  a  horn’s  wavefront. 
Tne  right  line  shows  the  location  of  a 
mirror's  center  of  curvature  in  the 
center  oi'  a  wavefront  at  a  horn's 
outlet.  As  the  limits  of  existence  of 
stable  oscillations  are  being  appro¬ 
ached  step  by  step,  Q-factor  drops,  and 
the  resonance  oscillations  do  not  occur 
at  these  limits.  The  insertion  between 
a  horn  and  a  mirror  of  a  cardboard  cone 
(Fig. 2),  coated  with  a  conducting  layer 
with  a  surface  resistance  300  -  400 
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ID  80  90  d.MM 

FiB.2,  FOR’s  Q-facbor  dspendsnce  on 
ths  intsrual  betussn  a  horn 
and  a  airror  -  d  . 

•0*  I  aimr'j  diuiter  0:100  ni 
•d*  (  aimr'i  diiuter  0:iS 

Ohis,  did  not  affect  a  resonator's 
properties.  Keasurenents  of  a  charac¬ 
teristic  nave  inpedance  ^  in  the  cap 
usinc  a  nethod  of  disturbances  cave 
P  =  5  Ohas,  and  this  value  is  not  fui' 
froa  estiaations.  Shunt-iapedance  for 
an  optiauB  structure  coaprises  about 
40  kOas. 


I  jl^  / —  ^ 

I  ^  \  ^  I  > 

^  \  ^ 


4.  FOR  -  BASED  ELECTRON  DEUICES, 

Based  on  a  FOR  there  can  be 
desicned  a  nuaber  of  the  Foro  klystron 
type  devices  [61.  Fig. 3  shous  a  aulti- 
cavity  Foro  klystron  uith  FORs  located 
alone  a  spiral,  not  interferine  uith 
each  other,  Changine  fora  of  a  space 
housing  an  Interaction  of  an  electron 
Streaa  with  aicrouave  field,  can  give 
various  device  coabinations.  Fore 


'  Quadricavity  aaplifier  Foro 
klystron 

!•  t  paver  saarce>  2>  Ai  electroi  otnii 

3*  A  ufietic  pole  piece. 

t>  Ab  electroi  itrcu.  S*  A  oirrar. 


Beiiow]. 
9>  A  han. 


?•  Ai  iliiorbiio  icreei. 
ft  A  collectori 


lOt  A  ricsoi  icali 
Ilti2it3)ll,  Fecasiis  reioiitorit 


tuigtron  [7],  for  instance,  Applica¬ 
tions  of  an  elliptic  lirror  with  two 
homs  locxated  in  the  focus  of  an 
ellipsoid  can  result  in  the  production 
of  a  FOR  -  based  Foro  oscillator  [81. 
See  Fig,  4. 


Fig, 4.  On  oscillator  with  a  two-horn 
elliptic  lirror. 

t>  A  ptntsr  iasKs<  Ab  electroa  9ss< 

A  U9ietic  pole  piece*  4<  Ai  electros  streu* 

5>  A  drift  tobs*  A>  A  collector* 

7*  Ijto  Hors  is  tfce  (ocoses  of  ea  elliptic  sirror  •  8* 

?*  iserfp  ootpot* 
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PART  1 :  THE  MAIN  PROPERTIES 
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The  elements  of  the  diiiraction  quasioptlcs  (EDQ)  [11  are 
intended  Tor  transformation  of  incident  wave  fronts  into  the 
required  ones.  The  EDQ  operation  principle  Is  based  on  creation  of 
specifically  chosen  discrete  phase  delays  over  the  wave  front. 
There  are  three  main  tjqies  of  EDQ  (by  the  principle  of  disposition 
with  respect  to  the  propagation  direction  of  the  electromagnetic 
wave )  C 1  ] :  transverse  (made  mainly  on  a  flat  surface ) , 
longitudinal-transverse  (made  on  an  arbitrary  curvilinear  surface) 
and  longitudinal  (representing  a  system  of  screens  located  along 
the  direction  of  the  electromagnetic  wave  propagation).  The  EDQ 
can  operate  both  in  the  "transmission  regime"  and  the  "reflection 
regime".  According  to  the  application  the  EDQ  can  be  of  amplitude 
(binary)  and  phase  inversion  type. 

,  The  main  physical  properties  of  the  EDQ,  development  at  our 
Institute,  are  briefly  surveyed  in  the  present  work. 

The  principle  of  the  EDQ  construction  Is  founded  mainly  on 
the  laws  of  geometric  optics  and  Is  described  in  literature 
[2,3,4]  rather  in  detail.  It  should  be  noted  that  the  problem  of 
restoration  of  the  EDQ  phase  profile  by  the  preset  focusing 
properties  refers  to  the  class  of  Incorrect  problems  and  It  has  no 
single  solution  even  In  the  slmpllest  cases  [53.  For  mathematical 
modeling  of  the  EDQ  physical  properties  and  carrying  out  of 
numerical  experiments  In  order  to  find  out  the  main  laws  of 
diffraction  of  the  EDQ  electromagnetic  waves  a  scalar 
approximation  Is  used..  The  structure  of  the  field  formed  by  the 
high- transmission  EDQ  In  the  region  of  observation  Is  defined  on 
the  basis  of  strict  calculation  of  Fresnel-Klrchhoff  diffraction 
integral  by  a  special  algorithm  the  essence  of  which  is  considered 
In  [6]  as  an  example  of  the  wave  diffraction  on  the  flat 
axlsymmetrlc  EDQ.  In  some  cases  for  the  fast  modeling  of 
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frequency-forming  EDQ  properties  (mainly  for  the  analysis  of  their 
aberration  characteristics)  a  geometric  theory  of  diffraction  Is 
used  [71.  The  problems  of  the  numerical  experiment  tecbnology  and 
the  stmcture  of  the  computer  complex  are  represented  in  [81. 

Let’s  consider  some  general  properties  of  the  EDQ.  The 
characteristic  features  of  the  EDQ  are  the  following:  a  low 
Inherent  thickness  of  a  phase  profile  (making  the  value  in  the 
order  of  the  radiation  wavelength),  a  low  weight,  low  absorption 
losses  of  microwave  power  in  the  EDQ  material,  the  possibility  of 
the  large-sized  EDQ  construction  (up  to  several  meters),  lower 
required  precision  of  the  phase  profile  creation  In  comparison 
with  mirrors,  the  possibility  of  the  EDQ  construction  on  the 
surface  of  the  arbitrary  shape,  high  electromagnetic  compatibility 
of  different  EDQ,  their  noise  Immunity  and  so  on.  As  the 
transformation  of  the  wave  front  incident  on  the  EDQ  takes  plase 
only  due  to  plece-constsnt  or  plece'Contlnucus  phase  modulation 
this  causes  the  appearance  of  frequency  properties,  tha'  Is  the 
dependence  of  the  space  position  ani  the  shape  of  the  focusing 
region  on  the  wavelength  of  radiation  Incident  on  the  EDQ  [91. 
This  fact  Is  especially  Im.portant  in  the  range  of  mm-waves  where 
monochromatic  radiation  sources  are  usually  used.  Moreover,  the 
frequency  properties  of  such  elements  can  be  corrtrolled  by 
selecting  the  method  of  synthesizing  of  the  EDQ  phase  profile  (43, 
changing  the  EDQ  surface  shape,  the  values  of  this  surface  sagging 
deflection  and  its  orientation  in  space;  it’s  possible  both  to 
enJiance  them  and  to  create  super  wideband  systems.  We  should  note 
that  the  value  of  the  EDQ  spectral  resolution  at  a  great  number  of 
Fresnel  zones  on  Its  aperture  is  defined  by  the  formul.a  of  the 
diffraction  grating. 

Another  Inportant  property  of  the  EDQ,  constructed  on  the 
c’jrvlllneai’  surface  is  the  dependence  of  the  longitudinal 
resolution  ci'  the  value  of  the  sagging  deflection  and  space 
:rlentatlon  of  this  surface  [9'j.  As  far  as  the  transverse 
resolution  (with  respect  to  the  optical  axis)  Is  concerned,  these 
EDQ  are  the  dlffractlon-llmlted  elements  and  their  resolution  Is 
cnaracterlzed  by  the  diffraction  limit  [63  It  should  be  mentioned 
that  at  a  low  number  of  Fresnel  zones  the  EDQ  resolution  is  even 
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better  than  the  Airy’s  formula  yields. 

The  possibility  the  EDQ  construction  without  axial  syimietry 
allows  to  realize  focusing  systems  with  space-frequency 
depeeeendence  of  the  focusing  region  position  [101.  Besides  the 
EDQ  are  not  obligatory  analogous  to  microwave  lenses  and  mirrors 
(that  Is,  they  are  used  not  only  to  focus  the  radiation  into  the 
point  of  diffract  ion- 11ml  ted  sizes  but  to  provide  the  focusung  of 
the  Incident  radiation  into  3D  region  of  arbitrary  shape  [3}).  As 
the  EDQ  are  capable  to  operate  both  In  near-  and  far-fleld  zones 
the  mentioned  property  allows  to  create  systems  of  forming  of  the 
radiation  pattern  of  rather  exotic  shape. 

One  more  characteristic  feature  of  the  EDQ  is  the  dependence 
of  their  diffraction  effectiveness  on  the  number  of  the  phase 
quantization  levels  of  the  incident  wave  front.  This  allows  not 
only  to  choose  the  complexity  of  the  EDQ  construction  depending  on 
their  specific  application  but  to  redistribute  the  energy  by 
different  diffraction  orders.  Besides,  the  selection  of  the 
mentioned  parameter  and  the  selective  properties  of  the  EDQ  at  the 
operation  with  the  radiation  Including  several  multiple  harmonics 
[11]  can  be  controlled.  It  Is  possible  to  use  one  and  the  same  EDQ 
for  operation  with  the  radiation  of  several  multiple  wavelength, 
to  mil  them  In  one  and  the  same  focusing  region  and  so  on. 

The  EDQ  capability  to  combine  properties  of  several 
different  focusing  systems  Is  one  more  important  feature.  For 
example,  it's  possible  to  create  a  dynamically  changeable  shape  of 
the  focusing  region  by  combining  two  1D  EDQ  [12],  to  realize 
polarization-sensitive  mm-optlcs  [13],  to  construct  EDQ  operating 
simultaneously  In  IF-  and  mm-ranges  and  so  on. 
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ELEMENTS  OF  THE  DIFFRACTION  QUASIOPTICS. 

PART  2:  THE  MAIN  APPLICATIONS 

Minin  I.V.  and  Minin  O.V. 
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let's  consider  some  classes  of  typical  m-systems  based  on 
certain  p^sical  properties  of  the  EDQ. 

Systems  of  plasma  diagnostics.  A  diagnostics  SySteiD  On  the 

basis  of  the  off -axis  EDQ  [11  Is  rather  effective  for 
Investigation  of  plasma  formations,  for  example.  In  problems 
connected  with  the  controlled  thermonuclear  synthesis,  of 
operation  of  magnetic  hydrodynamic  generators  and  so  on  (23.  In 
such  a  system  the  angular  separation  of  probing  trajectories,  the 
plasma  diagnostics  In  a  local  region  simultaneously  at  several 
close  wavelength  through  one  and  the  same  antenna  are  fulfilled 
due  to  the  usage  of  space-spectral-focusslng  properties  of  the  EDQ 
with  off-axis  position  of  the  focusing  region  (33.  This  allows  to 
oarry  out  ei^jerlments  on  the  baclcward  and  blstatlc  scattering,  to 
•  obtain  the  information  on  space  and  energetic  properties  of 
plasma.  Its  dynamics  and  so  on.  Besides,  when  necessary  the  EDQ 
can  be  used  simultaneously  as  a  focusing  device  and  a  special 
packer  Investigations  In  reacting  media,  on  ballistic  tubes  (23 
and  so  on. 

Another  type  of  millimeter  and  submllllmeter  systems  Is 
based  on  the  EDQ  capability  to  provide  the  radiation  focusing  In 
the  arbitrary  space  configuration.  Tills  allows  to  create  systems 
of  microwave  retaining  of  plasma  In  the  arbitrary  region,  devices 
for  obtaining  microwave-discharges '-of  complicated  3D  configuration 
and  some  others  (43, 

Systems  of  quasi  optical  radiovision.  IfiH-SySteiDS  Of  (llrect 

quasloptlcal  radlovlslon  are  based  on  the  high-effective 
diffraction  radlolenses,  the  requirements  to  the  radloler.se  are 
started  in  work  (53.  The  combination  of  the  focusing  and 
frequency  EDQ  properties  (63  allows  to  realize  the  construction 
system  of  radlolmages  of  3D  objects  in  real  time  (  73:  a  vertical 
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image  scanning  is  carried  out,  for  example,  by  electronic  polling 
of  the  receiver  arrays  and  a  horizontal  Image  scanning  Is  carried 
out  by  moving  the  object;  and  a  look  by  depth  of  scene  essentially 
exceeding  the  depth  of  the  radiolens  sharpness  Is  carried  out  by 
frequency  scanning  (by  deviating  the  wavelength  of  the  radiation 
sources ) . 

Antenna  systems.  The  EDQ  are  capable  to  form  the  antenna 
pattern  of  arbitrary  shape.  In  such  antennas  the  pattern  scanning 
can  be  provided  In  the  range  net  less  than  +2G°  due  to  the 
shifting  of  the  eadlatlon  receiver  position,  and  antenna 
amplification  changes  not  more  than  by  1.5  dB  and  the  level  of  the 
side  lobes  changes  insignificantly  [8],  The  advantages  of 
antennas  on  the  EDQ  basis  are  the  absence  of  the  aperture  blockage 
(as  In  systems  of  Cassegrain  antenna  type),  the  simplicity  of 
their  manufacturing.  Frequency  properties  of  the  EDG  which 
considerably  increase  the  noise  Immiuiity  of  antenna  systems, 
allows  to  control  their  frequency  selectivity,  noise 
characteristics  and  so  on  are  of  importance.  Besides  as  tne  EDQ 
can  work  in  the  "transmission  regime"  they  can  be  used  as  a 
radio- transparent  cap  for  protection  of  a  relevant  equipment 
against  the  environment  action:  that  Is,  It’s  possible  to  escape 
the  direct  action  of  this  environment  on  the  radiation  receiver 
(or  radiation  source),  to  reduce  requirements  to  the  conditions  of 
their  maintanance.  As  the  EDQ  can  be  constructed  on  the  surface  of 
the  arbitrary  shape  such  antennas  combine  their  properties  with 
the  properties  of  the  radome.  This  is  Important  In  particular  for 
a  considerable  reduction  of  the  wind  loads  on  the  large  sized 
antennas,  for  a  distortion  reduction  of  tne  antenna  pattern  caused 
by  a  special  radome  and  so  on.  The  possibility  of  construction  of 
such  nonmetal  antennas  of  different  designs  plays  a  great  role. 
For  example,  it  makes  possible  to  manufacture  antennas  for 
automobile  radars  to  be  used  In -fogs,  rains  and  so  on.  The 
aerodjoaamlc  properties  and  design  of  the  antenna  are  defined  by 
the  application  and  the  shape  of  the  automobile. 

Such  antenna  can  be  widely  used  In  communication  systems  of 
different  application.  In  radio  transmitting  systems  (as  wave 
front  correctors  as  well).  In  report  television  systems,  systems 
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0?  ‘dRipltx  coffiffiunleatlon  ano.  other  rields  or  national  economy. 
Satellite  TV  is  one  or  the  promising  rields  or  application  or 
antenna  systems  on  the  EDQ  basis  using  practically  all  above 
mentioned  characteristic  features.  A  variety  of  antenna  shapes, 
their  aesthetlcal  and  structural  accordance  with  the  interior  of 
flats,  private  cottage  and  different  buildings,  rather  high 
technical  parameters  allow  to  realize  a  great  number  of  antenna 
systems  for  reception  of  the  satellite  TV  programs  not  only  of 
classical  microwave  range  but  of  mm-range  as  well  [83. 

Mm-syst,ems  for  scientific  investigations.  The  range  Of 

millimeter  and  submillimeter  waves  is  characterized,  in 
particular,  by  the  fact  that  the  E3DQ  dlameter-to-the  radiation 
wavelength  ratio  is  the  same  as  that  of  integral  optics  elements. 
This  allows,  for  example,  to  carry  out  the  development  and 
simulation  of  properties  of  the  relevant  optical  system  as  their 
manufacturing  Is  considerably  simpler  in  mm-range  than  In  IR-  and 
optical  ranges.  Thus  on  the  basis  of  the  EDQ  It's  possible  to 
construct  a  set  of  planar  optical  logic  elements  for  optical 
polychromatic  computers  [93  to  optimize  optical  elements  of 
integrated  optics,  devices  of  radiation  Input/output  and  so  on. 

Besides  simulation  the  EDO  have  one  more  Important  property. 
Por  exan5)le,  they  can  be  used  for  construction  of  a  great  number 
of  optics  of  millimeter  and  suimllllmeter  lasers  of  different 
applications,  both  for  focusing  of  their  radiation  Into  the 
arbitrary  region  and  for  prescribed  transducing  of  the  wave 
front. 

.  There  is  a  number  of  other  possible  fields  of  EDQ 
application.  So,  on  the  basis  of  development  of  construction 
principles  and  studying  of  EDQ  properties  in  microwave  range  we 
managed  to  show  possibility  of  shock  wave  focusing  in  nonlinear 
regime  In  principle  [103,  that  Is  very  important  both  from  point 
of  view  of  physics  and  that  of  applied  sciences,  for  example,  for 
medicine .  -• 
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ABSTRACT 

A  method  ,  which  is  a  conbination  of  the  equivalent  uaveguide  node  I  and  the 
boundary-eleaent  technique,  is  described  for  celculating  the  frequencies-dependent 
scattering  paraaeters  of  planar  junctions.  This  approach  has  a  few  aer*’-;,  e.g., 
simple  deducing,  short  coaputation  tine  and  considerable  flexibility. 

INTRODUCTION 

Open  planar  aultiport  Junctions  are  found  in  practical  applications,  particularly  in 
the  spectral  range  from  nicroweve  to  short  ai lliaeter-wave  frequencies,  in  the 

integrated  circuits.  Up  to  now,  several  approaches  have  been  presented  for  the 

analysis  of  such  structures.  However,  these  methods  all  have  a  few  restricted 

applications,  for  example,  only  regular-shape  planar  junctions  may  he  studied.  and 
soae  approximation  are  employed,  so  there  exist  considerable  discrepancies  between 
the  published  results.  In  our  investigation,  a  boundary-eleaent  aethod  using  Oreen's 

function  and  a  planar  waveguide  aodel  are  employed  to  compute  the  frequency- 

dependent  scattering  paraaeters  of  arbitrary-shape  planar  junctions. 

TflEWY 

The  waveguide  aodel  as  shown  in  Fig.l  has  been  introduced  for  a  aicrostrip  line.  It 
consist  of  electrical  walls  at  the  top  and  the  bottoa  of  the  line,  and  magnetic 
walls  at  the  sides.  The  effective  width  Weff  of  the  aodel  as  well  as  the 

effective  dielectric  constant  £eff  are  frequency-dependent  aodel  paraaeters  (Ij. 

Through  the  above-mentioned  equivalence,  a  planar  aultiport  junction  can  be  changed 

into  a  H-ptane  aultiport  waveguide  junction. 
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Fig.  I  Open  aicrostrip  line  and  its  waveguide  aodel. 

A  waveguide  junction  as  shown  in  Fig. 2  is  considered.  Assuming  the  height  of  the 

waveguide  aodel  is  much  less  than  the  wavelength  (in  order  to  ensure  that  higher- 

order  nodes  which  vary  in  the  Z-direction  are  suppressed),  only  the  Ez,  Hx.  My  field 
coaponents  exist.  The  Ez  field  in  this  junction  satisfies  Helmholtz's  equation  • 
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V*Ez  k*  E2  =  0 


<1> 


Considering  the  region  surrounded  by  the  boundary 
the  fundaaental  solution  [2j  and  Green's  foraula. 
equation  : 


where 


ui  *  J^u  q*dl  q  dl 
u*  -  (  Uii  )H^  ckr) 


L  as  shown  in  Fig. 3  and  using 
froa  (1)  we  obtain  the  following 


(2) 

(3) 


«  (V 

q  =  (kr)cos* 


(4) 


rig.  2  A  •utiport  waveguide 
junction. 

Here  ui^is  the  value  at^^^the  npde  i,  q  and 
u  and  u,  respectively,  Ho  and  Hi  are  the 
of  the  second  kind,  respectively,  and  &  is 
outward  unit  noraal  vector  n. 


Fig.  3  Two-diaension  region 
surrounded  by  L. 

q  are  the  outward  noraal  derivatives  of 
zeroth-  and  first-order  Bankel  functions 
the  angle  between  the  vector  T  and  the 


Noting  that  the  node  i  is  placed  on  the  boundary  L  and 

integration  path  Lj  going,  around  the  node  i  as  shown  in  Fig,  3, 

Cauchy's  principal  value  of  integration,  we  obtain 


Ci  ui  ^ ~J[^ 

where  Ci=l-  (6/231.),  to  a  saooth  boundary,  Ci  =  l/2. 


considering  the 
and  using  the 


(5) 


Dividing  the  boundary  L  into  quadratic  line  eleaent.  then  (S)  can  be  discretized 
and  is  rewritten  as 


N 

r 

ul 

N 

qi 

Ci  ui  +  (  hi  h2  h3  ]  e 

u2 

=  21 1  gl  92  93  ]e 

q2 

e=j 

u3 

q3 

In  the  aatrix  notation,  (8)  can  be  rewritten  as  follows  i 


(  H  )  [  U  ]  =  (  G  ]  [  Q  J  (7) 

Froa  (7),  the  fallowing  equation  is  obtained  for  the  waveguide  junction  in  Fig.  2  > 


lUlo 

IQlo 

[  [Hio  tH],  [H],  ] 

ru)/ 

[li]a 

y 

=  (  (Gio  IG),  [G],  ) 

IQ]/ 

(Qia 

y 

where  the  subscripts  o,  1  and  2  denote  the  quantities  corresponding  to  the  boundaries 
Lo,  L'  and  L2  in  Fig.  2*  respectively. 


The  u  on  Li(i=l,  2)  aay  be  expressed  analytically  as 
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■hare 


^i«<y*J’)  =Ji7a[siMixy**Va^  ,  ■=li2,3>... 

^  i«  =  j«£ri  -  <»5Exaj  >*,  ■=1,2,3*... 

Oiscratiziiig  (9)  ,  and  considering  (8),  titan  the  values  of  u  at  nodes  on  Li  can  be 
obtained  by  using  an  interpolating  function.  Therefore,  the  solutions  on  Li  allow 
the  deteraination  of  the  scattering  paraaeters  Sij  as  follows  : 


Sjj  =jju(  x'j’rO,  y‘j>>f  jl(  y‘jW^^- 
Sij  =J^ u<  x*^=fl,  y*^)^iK  y‘*')dy*^  ,  i  ^  j 


(10) 


The  presented  approach  can  be  applied  easily  to  the  analysis  of  planar  mltiport 
junctions. 


results 

The  first  exaaple  is  a  dual  port  junction  as  shown  in  Fig. 4  ,  and  its  diaensions 

are  t  wl=w2=0. 608aa,  h=0.i5aa,  6=60,  £r=l0,i.  Coaputed  results  for  the  S-paraaeters  as 
a  function  of  frequencies  are  shown  in  Fig. 4,  and  are  coapared  with  the  nuaerical 
results  obtained  via  the  f ield~aatching  aethod  {31.  It  can  be  found  that  our 


Fig.  4  Reflectiou  coefficients  and  Iransaission  coefficients 
of  the  doninant  node  of  a  dual  port  planar  junction. 

(  -  this  aethod  ;  o  o  o  [31) 

results  are  in  good  agreeaent  with  data  in  (3i .  However,  our  approach  has  aore 
flexibility  ,  e.g. ,  it  can  study  generalized-shape  planar  aultiport  junction,  while  the 
field-aatching  aethod  only  can  analyze  regular-shape  ones. 


Fig. 5  Reflection  coefficients  of  the  doainant  node 
at  the  third  port  of  a  triport  planar  junction. 

(  — — -  this  aethod  ;  —  -  experiaantal  results (!]) 


Tile  second  exaaple  is  a  triport  junction  as  siiovn  in  Fiy. S  /  and  its  diaansions 
are  s  Wl=0.977ci,  i2=l3=ii.  780ca,  h^Q.  ISScn,  £r=2.32.  Fig. 5  shows  its  transaission 
coefficients  and  reflection  coefficients  .which  are  all  coapared  with  axperiaental 
data  in  [1]. 

coNansioNs 

In  this  paper.  the  waveguide  aodel  concept  and  the  bonndary-eleaent  technique  are 

eaployed  to  investigate  the  planar  aultiport  integrated  circuits,  and  the  s- 

paraaeters  of  such  structures  are  calculated.  Two  exaaples  are  given,  and  the 
coaparison  of  the  obtained  results  with  data  available  in  literature  shows  good 
agreeaent.  in  addition,  this  aethod  has  aore  flexibility,  it  can  analyze  arbitrary- 
shape  planar  aultiport  configurations. 
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Abstract:  Equivalent  edge  currents  for  the  Physical  Optics  (PO)  contribution  to  the  edge  diffraction 
are  derived  by  choosing  a  proper  coordinate  system  for  a  half  plane.  It  is  seen  that  these  expressions  for 
the  PO  component  are  free  from  singularities  except  at  shadow  and  reflection  boundaries  on  the  Keller 
Cone.  To  find  the  total  diffracted  field,  the  expressions  for  the  fringe  contribution  given  earlier  by  Michaeli 
should  be  used  along  with  the  PO  contribution  obtained  here.  The  procedure  is  applied  to  the  problem 
of  backscattering  from  square  and  triangular  plates.  Higher  order  diffiactions  are  also  accounted  for  by 
combining  the  eqwvaknt  currents  with  the  Uniform  Theory  of  Diffraction  (UTD).  The  results  obtained  are 
compared  with  previous  solutions  and  measured  data. 


1  Introduction 


It  is  known  that  the  Geometrical  Theory  of  Diffraction  (GTD)  [1]  and  its  uniform  versions  (UTD 
and  UAT)  fail  in  the  vicinity  of  diffracted  ray  caustics.  To  overcome  this  difficulty  ,  an  eouivalent  current 
method  (ECM)  has  been  suggested  by  Ryan  and  Peters[2j.  In  this  method,  equivalent  electric  and  magnetic 
currents  which  are  considered  to  radiate  in  free  space  are  introduced  in  the  place  of  the  diffracting  edge.  Since 
these  equivalent  currents  are  derived  from  the  GTD  fields;  strictly  speaking,  they  are  valid  for  observation 
directions  only  on  the  Keller  Cone  of  diffraction.  More  rigorous  asymptotic  expressions  for  equivalent 
currents  for  arbitrary  directions  of  observation  has  been  achieved  independently  by  Mitzner  [3]  and  Michaeli 
[4]  based  on  identifying  the  equivalent  current  line  integraLjwith  the  as>'mptotjc  edge  contribution  to  the 
radiation  integral  of  the  physical  surface  current  density  on  a  conducting  half-plane.  Unfortunately,  these 
expressions  for  the  equivalent  currents  become  infinite  at  various  aspects  of  observation,  in  a  snbsequent 
paper  [5],  Michaeli  considered  these  currents  as  arising  separately  from  physical  optics  (PO)  and  fringe 
components  tutd  showed  that  for  the  fringe  component  the  infinities  can  be  eliminated  by  choosing  a  proper 
skew  coordinate  system  for  the  asymptotic  integration.  However,  it  was  asserted  by  the  same  author[6j  that 
the  infinities  in  the  PO  component  cannot  be  eliminated  in  a  similar  way. 

In  the  present  paper,  equivalent  edge  currents  for  the  PO  contribution  are  derived  by  choosing  a 
proper  coordinate  system  for  a  half  pl?ne  in  a  manner  similar  to  the  treatment  in  [oj.  It  is  seen  that  these 
expressions  for  the  PO  component  are  bee  from  singularities  except  at  shadow  and  reflection  boundaries  on 
the  Keller  Cone. 
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2  Equivalent  Edge  Currents  For  Far  Zone  Scattering 


Consider  a  perfectly  conducting  fiat  surface  S  on  the  xy-piane  with  an  edge  C.  At  any  point  on  the 
edge,  the  unit  vector  i  is  tangent  to  the  edge,  h  is  normal  to  the  surface,  and  the  unit  binormal  vector  is 
given  by 

h  —  nxi.  (1) 

The  scattered  far  field  from  this  structure  is  ^ven  by  the  following  radiation  integral 


-  _  jkZe-ii“ 
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where  Z  is  the  intrinsic  impedance,  k  is  the  wavenumber,  and  Jt(x,  y)  is  the  total  induced  current  on  the 
surface.  R.  is  the  distance  to  the  observation  point  measured  from  the  origin  at  the  coordinate  system,  i' 
and  s  are  the  unit  vectors  for  incident  and  observation  directions.  In  addition,  k^  and  ky  are  given  by 

ki  =  k  s  x,  (3) 

ky  =  k  s-y.  (4) 

By  using  the  asymptotic  evaluation  approach  in  [ !].  the  edge  difiracted  part  of  the  total  scattered  far 
field  written  in  the  (t,b)  coordinate  system  is  given  by 

Ed  =  XSX  f  f  dt,  (5) 

47r  K  Jc  Jo 

where  denotes  the  asymptotic  end-point  contribution  at  b=0.  Let 


A'(0=  I  Mt,b)e^‘‘^^^db, 
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The  edge  diffracted  field  can  also  be  expressed  as  due  to  the  equivalent  edge  currents  along  the  edge; 


4:r  R  Jc 
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Equating  the  two  integrands,  we  have 

I  =  Kf  —  Kb  cot  3  cos  4>, 

M  =  -Z- — -xKb, 
sin  p 

where  A',  and  Kb  are  the  tangential  and  binormal  components  of  the  vector  K. 


3  PO  Component  Of  Equivalent  Edge  Currents 


The  determination  of  PO  component  of  equivalent  edge  currents  requires  the  asymptotic  evaluation 
of  the  following  integral: 

/?P°(r)=  (11) 

Jo 


(12) 


Here,  the  phase  of  is  ~kxx  ■  s'.  Hence,  the  integral  becomes  singular  when: 


ar  •  s  =  I  •  s  . 


The  singularities  of  a  similar  integral  for  the  fringe  component  of  the  equivalent  currents  are  reduced  to  a 
single  direction  by  choosing  a  proper  skew  coordinate  system  for  the  integration  [5].  However,  the  equivalent 
approach  which  corresponds  to  the  replacement  of  the  z  direction  by  the  cr  direction  for  the  integration  does 
not  have  similar  effect  on  the  PO  components.  Because,  as  mentioned  in  [5],  such  a  step  “merely  replaces 
the  previovus  cone  of  singular  J-directions,  by  another  cone,  defined  by  i  •  d  =  s'  •  d,  and  only  for  glancing 
incidence,  d  =  s',  does  the  latter  collapse  into  a  single  direction,  s  =  d”.  The  above  argument  assumes  a 
skew  coordinate  direction  fixed  by  the  incidence  angle  for  all  observation  directions.  In  fact,  for  equivalent 
currents,  there  is  no  need  for  such  a  restriction:  the  skew  coordinate  direction  may  be  determined  by  both 
the  incident  and  observation  directions  (s’  and  s).  After  all,  the  expressions  for  the  equivalent  edge  currents 
are  always  functions  of  observation  aspect.  So  for  each  observation  direction,  the  skew  coordinate  direction 
on  the  surface  of  the  half  plane  is  determined  separately.  To  apply  this  approach,  we  will  again  use  the  skew 
coordinate  system  (a,  z)  with  an  arbitrary  skewness  angle  7  as  follows: 


X  -  <7  Bia^, 

2  —  Z  +  <TCOS7. 

Then,  the  end-point  contribution  from  the  integral 

K^°{z)  =  sin7  /  JGo(o'sin7,z+  o'cos7)e’*"**d£r, 
Jo 

is  evaluated  to  obtain  the  PO  equivalent  edge  currents  as: 


iPO  _  J^E\ 


sin^  sin  7 


jk  *sin/J'[(sin^'  cosd>'  +  sin/3cos^)sin7  +  cos7(cos,3  -  cos/3')] 

^  gjjj  _ cot  /3'  cos  -I-  cot  /3  cos  (f _ 

jk  **™^[(sin/3'  cosd>'  +  sin  /3  cos ^3) sin  7  +  cos7{cos/3  -  cos^')]’ 
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PO  _  _ 


sin  (i>  sin  7 


jk  ~  sin /3[(sin  /3'  cos  </►'  sin  /3  cos 0) sin  7  -J-  cos  7(cos d  -  cos /3')] 

It  is  seen  that,  these  e-xpressions  are  functions  of  the  skewness  angle  7.  If  we  let  7  be 

cos  3  -  cos  0' 


cot  y  = 


sin  J'  cos  0  +  sin  cos  </> 


the  PO  equivalent  currents  become  as  follows: 


2Y 
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sin  <t>{  sin  0cos4>  +  sin  0'  cos  o' ) _ 

jk  ^^[(cos0  —  cos0'Y  -f-  (sin  ^  cos  d> -f  sin  d'  cosd>’)^] 


(13) 

(14) 

(15) 


(16) 

(17) 

(18) 


(19) 

(20) 


The  only  singularities  of  these  expressions  occur  at  the  incidence  and  reflection  boundaries  on  the 
Keller  Cone.  Physically,  the  direction  of  the  skew  coordinate  a  in  this  case  is  the  direction  cf  the  projection 
of  (s  -  s')  vector  onto  the  half  plane.  It  is  a  function  of  both  s'  and  i.  as  described  eariie;.  The  natural 
question  to  ask  at  this  point  is  what  happens  when  (s  —  s')  vector  has  zero  projection  on  the  hrdf  piauc; 
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in  other  words,  when  (5  -  s')  has  only  a.  normal  component  to  the  surface  of  the  half  plane.  In  this  case, 
the  above  dehnition  of  a  fails.  However,  a  dose  examination  reveals  that  when  (J  -  s')  vector  has  only  a 
normal  component  to  the  half  plane,  the  observation  direction  is  either  on  the  incident  or  on  the  reflection 
shadow  boundary  on  the  Keller  Cone.  Both  of  these  cases  correspond  to  directions  for  which  the  field  is  not 
ray-optical  and  the  equivalent  current  concept  is  not  valid. 

It  is  also  noted  that  the  equivalent  current  expressions  given  in  (1&)  and  (20)  are  the  same  as  those 
in  [7,8]  where  they  are  determined  for  a  finite  size  plate  by  an  application  of  Stokes’  Theorem. 


4  Conclusions 

In  this  paper,  we  obtained  PO  equivalent  currents  in  the  same  way  as  fringe  equivalent  currents  oy 
choosing  an  proper  oblique  direction  for  the  asymptotic  integration.  This  work  therefore  complements  the 
work  of  Michaeli  [5].  The  PO  and  fringe  equivalent  currents  aje  valid  for  arbitrary  directions  of  observation, 
so  they  are  more  general  than  the  GTD  equivalent  currents.  The  numerical  accuracy  of  these  equivalent 
currents  have  been  established  on  two  examples  of  backscatiering  from  square  and  triangular  plates. 
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(Lanzhou  UniTersity  ,  Lanzhou  .  China) 


ABSTRACT 

The  transmission  characteristics  of  inhomogeneous  planar  dielectric  vareguides 
are  calculated  b;  solring  the  transfer  matria  equations  which  are  obtained  by 
separating  the  vareguide  into  a  layers.  This  method  is  of  unirersality  for 
analysing  the  wareguides  with  arbitrary  distributions  of  dielectric  constants  . 

INTRODUCTION 

Inhomogeneous  planar  dielectric  wareguides  hare  important  applications  in 
millimeter  wares  and  optical  integrated  circuits.  Those  methods  for  analysing 
this  kind  of  wareguides,  which  hare  been  reported,  include  the  methods  of  the 
contrast,  the  finite  element  ,  the  boundary  element  and  the  network  analysis.  * 
But  their  eigenfunctions  are  complex  and  the  solring  requires  a  large  amount  of 
work,  fur thermore  they  are  only  suitable  for  wareguides  with  specific  structures. 
As  discussed  in  this  paper  ,  the  waveguide  is  divided  into  n  layers  and  each 
layer  is  considered  homogeneous  because  of  its  extreme  thinness.  Based  on  the 
longitudinal  field  method  and  the  boundary  conditions  of  fields.  *  some  simple 
equations  of  the  transfer  matrixes  of  the  eigenvalues  are  obtained  ,  which 
require  less  computing  time.  Therefore  ,  this  method  may  be  used  to  analyse 
inhomogeneous  planar  dielectric  waveguides  with  general  structures  . 

THEORETICAL  ANALYSIS 

An  inhomogeneous  planar  dielectric  waveguide  is  divided  into  n  layers  along  the 
y-direction  as  shown  in  Fig.  1.  The  dielectric  of  each  layer  is  assumed  as 
homogeneous  and  its  relative  dielectric  constant  c  ,  (y)  is  only  the  function 
of  the  coordinate  variable  y  .  Suppose^  the  eigen  wares  transmit  along  the  z* 
direction  and  the  field  components  have  no  variations  in  the  x-direction  ,  then 
the  expressions  of  the  field  components  for  TM  modes  and  TE  modes  of  the  eigen 
waves  in  the  i-th  dielectric  layer  respectively  are 


E.i»  4>  I  (y) 


TE  modes 


(1) 


0  II  £•  X 


Fig.  1  A  piaaar  dielectric 
•areguide  separated  into  c  layers 


Where  Otiy)  and  'F  i  (y)  are  both  the  transrerse  transmission  functions  ,  k  is 
the  ware  number  of  the  eigen  wares  ,  and  k2i=ki  -  k“  *k2  £  ri  -9’  is  the 
cut'off  ware  number  of  the  equivalent  transmission  line  in  the  i-th  dielectric 
layer  .  The  wave  equations  of  the  longitudinal  field  components  are 


At  Esi  +  K2iE»t  —  0  1 

and  At  +  K2iH.i  =  0  j  (31 

Hence 


*  K2.®.(,)  =  0 

The  solution  of  equ.  (4)  is  given  by  the  following  matrix 


-<I>  i  (y)  r  cos  koiy  sin  k<,iy  -  ^  Ai-’ 

1  _  I  i  ;  ! 

'  '  i  j  '  I  ' 

-<I»'i(y)  -k„i  sin  k«iy  k.i  cos  k«»y  Bi- 


(yi-i  <  y  <yi 


By  substituting  yi  and  yi-j  respectively  for  y  into  eqn.  (6)i  using  the  recursion 
method  and  the  continuous  boundary  conditions  of  the  tangential  field  compo¬ 
nents  £.  and  H.  (TE  modes)  or  H,  and  E.  (TM  modes)  on  the  y=yi  dielectric 
interface,  we  get  the  expressions  of  the  transfer  matrixes  for  TSl  modes  and  TE 
modes 
Thi  modes 
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Tke  Bnrfnce  wafes  onlj  propagate  perpendicularlj  to  the  planar  dielectric  ware- 
guide  in  I-region  and  Il-region  outside  the  wareguide,  thus  they  attenuate 
exponentially; 

E.r  =  Eoi  e--“-  ,  y>y.  \ 

E,xi=  Eon  e'-'*‘*  e®<’’  ,  y<yo  j  (10) 

Based  on  the  boundary  conditions  of  the  fields  on  the  interfaces  y=y.  and  y-y« 
as  well  as  the  transDission  condition  k«o<  0  for  the  surface  wares  ,  the 
equations  of  the  transfer  Datrizes  of  the  tnhoDogeneous  planar  dielectric 
waregttide  are  obtained 
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TE  aodsE 


r  Hor  -  _  r  1  0  - 

-  -  3  xHor  -  -  0  kiolUn 

Rliere  k.o  is  tits  cut-off  vafe  number  in 

RESULTS  AND  DISCUSSIONS 

The  computing  programs  of  the  FORTRAN 
language  based  on  the  above  formulas 
give  results  correspondent  with  lite¬ 
rature.  If  n-l,  the  results  also  conform 
satisfactorily  with  the  results  of  the 
single-layer  dielectric  waveguide. 

The  dispersive  characteristics  of  the 
dielectrics  with  continuous  linear  and 
parabolic  distributions  have  been  com¬ 
puted  .  The  acquired  dispersive  curves 
are  shown  as  Fig.  2  and  Fig.  3.  In  these 
figures  the  correspondent  k  value  in 
case  of  3 /k-l  is  exactly  the  cut-off 
ware  number  ko  . 

CONCLUSIONS 

The  advantages  of  the  method  discussed 
in  this  paper  are; 

A.  The  universality  for  analysing  inho¬ 
mogeneous  planar  dielectric  waveguides 
with  arbitrary  distributions  of  dielec¬ 
tric  constants; 

B.  No  limitation  of  the  conditions  of 
the  regions  outside  the  planar  dielec¬ 
tric  waveguides; 

C.  Less  computing  time. 

Therefore  ,  this  method  has  certaiu 
practicability  in  engineering  designs. 
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Axially  homogeneous  azimuthal  oscillations  i^/dz-Q)  of  the  highest 
order  of  the  '‘whispering  gallery"  type  <n  »l  where  n  is  the  azimuthal 
index)  are  studied  in  the  radially  layer  dielectric  resonator 
(lig.l).  Such  structures  were  studied  [11  on  the  lowest  types  of 
oscillations . 

The  dispersion  equation  was  obtained  from  the  solutions  of  the 
Maxwell  ones  satisfying  the  conditions  of  radiation  at  infinity  and 
by  continuity  of  tangential  components  of  electromagnetic  fields  at  the 
boundary  of  adjacent  regions: 

A  B  *  C,  (1 ) 
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=  •/«■  k  r  ,  K  =  {a  -  y  )/{ft  -  y  ) 
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Here  ^  ,  r  are  the  nermittiviiy  and  radius  of 

V  j  *  ^ 

corresponding  layers,  k  =  2nf/c,  l  =  f’+if"  -  conpiex  frequency, 
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the  Bessel,  Neuman  and  Hankel  functions  (the  prime 
designates  differentiation  hy  the  argument). 

The  left-hand  side  of  Iq.(1)  determines  the  resonance  frequency 
of  the  independent  partial  modes  of  the  disc  H  (A  =  0,  r  <  r^ ) 
and  ring  H  =  0,  t^<  r  <  r^ )  resonators  without  coupling  between 

them  (C  =  0).  This  coupling  is  determined  by  the  clearance  value 

h  =  r  -r  . 

2  1 

Fig.1  illustrates  dependences  of  the  radiation  Q-factors 
1  =  f’/2f’’  and  the  adjusted  resonance  frequencies  2r^f’  on  the 
parameter  h’=h/A^  (x^  =  wavelength  of  the 

intrinsic  oscillation  H  in  the  ring  without  correllation 

With  the  disc). 

The  numerical  study  of  Iq.  (1)  was  done  at  n  =  40  ,  radial  index 
m  =  1  (curve  1),  m  =  2  (curve  2)  for  2.04  (fluoroplasiic-4) , 

=  5.3  cm,  L  =  (r  -r  )A  =  0.53  where  (r  -  r  )  is 

the  thickness  of  the  ring.  The  dashed  curves  (C  =  0)  correspond  to 

spectral  characteristics  of  partial  modes  of  the  disc  (curve  6)  and 
of  the  ring  of  a  fioced  thickness  (the  horisontai  straight  line  T)  by 
changing  r^.  There  is  a  defined  point  of  intersection  of  the 

spectral  curves  (the  frequency  degeneracy).  Q-factors  of  these 

intrinsic  oscillations  do  not  depend  on  r^. 

The  indenendent  partial  oscillations  H  ®  with  different  radial 
indices  m  exist  in  a  homogeneous  disc  resonator  (n  is  fixed). 
The  approqch  of  the  spectral  curves  and  intersection  of  their 

radiation  Q-factors  with  ra  =  1 ,  m  =  2  is  observed  with  the 

appearrance  of  clearance  (a  decrease  of  r^ )  between  disc  and  ring  for 
the  above  parameters  .  An  increase  of  h  leads  to  pushing  apart 
(by  freouency)  these  uartial  oscillations.  The  oscillation  H  ° 

‘  ^  40.  1.  O 

ccrresDonds  to  the  lowest  one  H  '  of  the  ring  and  H 
to  the  lowest  oscillation  H  of  the  disc  when  the 

40.  X.  O 

clearance  is  rather  large  (h  >  x^).  Their  Q-factors  become 
constant. 

The  point  of  degeneracy  of’'  the  undisturbed  oscillations  shifts 
towards  lesser  clearances  in  comparison  with  the  point  of  equal 
Q-factors.  It  may  be  explained  by  the  presence  of  both  the 
interaction  and  transformation  of  the  oscillations  H  ®  and 

^  40.  1,  O 

*'"-40.2.0  these  ones  of  ring  and  disc.  The  minimum  of  radiation 

Q-f actor  H  ®  ^  corresponds  to  the  clearance  ,v  x /4;  the 
equality  of  ^  ^  ^  corresponds  to  the  clearance  ~ 
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m 

V'] 

GHi-c/ri 


The  field  distribution  in  radius  of  component  confirms 
the  considered  processes. 

The  interaction  between  oscillations  with  different  azimuthaiy 
Indices  n  in  the  homogeneous  resonator  is  not  observed.  In 
particular,  it  is  absent  between  partial  oscillations 
(curve  2)  and  ^  ^  (curve  8)  in  Fig.i.  Such  interaction  appears 
with  the  azimuthkl  inhomogeneity  . 

It  can  be  shown  that  an  increase  of  permittivity  of  the 

internal  disc  leads  to  the  interaction  region  shifting  towards 
larger  clearances  and  the  appearance  of  the  interaction  between 
high  radial  oscillations  (m  =  3,4...).  If  the  permittivity  of  layers 
increases  the  region  of  interaction  of  the  oscillations  with 
azimuthal  indices  m  =  1 ,2  narrows  and  dispersion  curves  steepness 
increases.  However,  the  clearance  value  corresponding  to  the  equality 
of  Q-factors  is  still  If  I  increases  the  region  of 

interaction  shifts  towards  lesser  clearances.  The  oscillations 
with  ra  =  3,4...  appear  in  the  ring  when  L  >  1 .  If  L  <  0.5  then 

the  interaction  between  different  radial  types  of  oscillations 
manifests  itself  stronger  in  comparison  with  the  case  considered  above. 

Intrinsic  resonance  frequencies  can  be  shifted  by  filling 
different  materials  in  the  clearance.  Such  shift  is  more 
prominent  in  the  region  of  interaction. 

COHCLUSIQH 

The  paper  is  concerned  with  the  theoretical  analysis  of  the 
radial  layer  dielectric  resonator  with  azimuthal  oscillations  of  the 
highest  order  .It  was  shown  that  in  the  case  of  the  4-layer  resonator 
partial  oscillations  of  the  disc  and  ring  with  equal  azimuthal 

but  with  different  radial  indices  interact.  These  oscillations  form 

the  normal  modes  of  azimuthal  oscillations  of  a  layer  resonator. 
The  interaction  between  oscillations  with  different  azimuthal 
indices  n  in  the  homogeneous  resonator  is  not  observed. 

The  considered  resonator  can  te  used  as  the  flowing  cuvette  for 
meas’iring  in  the  millimeter  range  of  the  complex  permittivity 
of  substances  (including  chemicaiy  active  ones)  which  are  located 
in  the  clearance  between  layers. 

REgEREhilK 

[11  Zaki  K.A.,  Chen  C. ,  lEH  Trans.  Microwave  Theory  Tech., 
vol.  MTT  -  33,  pp.  1448  -  1452,  Dec.  1985. 
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DIMENSIONS  OrriMlZATlON  OF  COSRUGATED  EECTANGULAB 
FLEZaLX  WAVEGUIDES  IN  MILLIMETEB  BAND 


Ckim,  Too  Km  Ut.Uua  Too  amd  Tarng.  Ttxin 
(Shanghai  TranmitMim  Lmes  Ktitareh  ImtituU.Chiaa) 


ABSTRACT 

A  eorrngated  reetuenlir  flexible  wavegoide  wat  couidered  ai  a  periodical  ftnictare.!D  wa»  analTxed  and  lynthetixed 
00  the  cascade  two-port  network  theorj^lhe  disoondnaity  of  the  joint  between  the  standard  metal  wavegoide  and 
die  flexible  waveguide  was  also  took  into  account  A  corrugated  rectangular  flexible  waveguide  in  Ea-band  has  been 
optanally  designed  and  tested;the  results  of  the  experiments  meet  the  theory  welL 

I.  INTRODUCTION 

Ihe  rectangular  corrugated  flexible  waveguides  are  widely  used  in  microwave  and  millimeter  wave  bands,!!  the  equi¬ 
valent  network  method  was  used  to  analyse  the  waveguides,  they  can  be  considered  as  periodical  ttmetnreijlie  analy- 
is  and  synthesis  becomes  easier, especially  when  the  computer  is  used  in  caleulation.It'i  knoam  that  the  lumped 
parameter  equivalent  eireait  was  deduced  by  qoui-eiectrostatic  method  in  the  case  that  the  dimensions  of  the 
ifiseontiniiitjes  of  the  waveguides  are  much  smaller  than  the  wavelength  and  the  distances  between  discondnoitiei  are 
large  eaongh,bnt  the  eomparisons  of  experimental  results  and  the  theoretical  calcoladoos  show  that  the 
equivalent  eirsnit  is  also  effective  in  the  corrugated  rectangular  waveguide  if  there  are  more  than  four  coirngationt  in 
every  unit  length  of  the  dimension  of  wavelength. 

On  the  viewpoint  of  equivalent  circuit,  a  tingle  mode  corrugated  waveguide  was  composed  of  a  cascade  of  many  tepa- 
late  circuits  with  same  equivalent  parameters*  JTs  a  cascade  of  two-port  networks^thns  the  transmission  niatrixf  T 
matrix)  or  the  chain  matrix  can  be  used,  when  the  T  matrix  of  a  single  separate  circuit  T  ^  wat  obtained  .the  T  matrix 
of  the  whole  waveguide  can  be  obtained  by  calculating  the  mth  power  of  the  (m  it  the  number  of  the  corrugations 
of  the  wavegnidB) 

It  it  necessary  to  notice  that  whether  the  corrugated  waveguides  are  used  as  main  feed  line  or  expedient  linking  com- 
ponents.corrngated  waveguides  are  always  connected  with  the  flanges  of  standard  rectangular  waveguides  or  the 
waveguide  componeata.lhote  discontinniiiet  ought  to  be  considered  in  calculating  the  trantmiuion  matrix  T. 

When  the  transmission  matrix  of  the  whole  eorrngated  waveguide  obtained,  the  functional  reladonship  between  the 
voltage  standing  wave  ratio  (VSIVR)  and  the  dimensions  of  the  cross  section  and  the  corrugation  is  also  found,  the 
optimal  design  and  the  tolerance  analysis  of  the  parameters  of  the  waveguide  can  be  carried  out  by  using  a  computer. 
In  millimeter  band,  the  dimensions  and  the  tolerance  of  the  wavegnides  it  very  smalUlt  is  very  important  to  select 
those  dimensions  parameters  optimally. 
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In  this  paper  ,u  u  eiample,  a  rectingoJar  oorragated  wavegnids  of  Ka  baad  was  optlauilf  dashed  ^ad  MBe 
lampki  ware  manofaetated  by  the  precise  electroplating  metfaod.ExperiBiaitt  show  that  the  theoretical  model  arc  mt 
forarard  is  saccessfol,  and  the  technology  of  making  the  wavegoide  is  also  effective. 

II.  THEORY 

FIg.l  shows  the  cross  section  (withont  sleeve)  of  a  corrugated  reetangnlar  flexible  wavegaide.Die  periodic  cells  of  the 
oorragated  stractare  can  be  divided  in  several  ways,  which  one  is  the  most  reasonable  depends  on  the  experlmentsfll. 


A'  D' 


FlaJ  Craw  ivtlaa  rad  uM  al»r  •  oamaBwenawaiaiaraaTfaeiSa 


(!i)  Cn»«s 


In  this  paper,  the  unit  cell  in  Fig.  lb  was  chose  with  tries  and  eompresMona^a  segment  between  AA'and  BE'  was  eat 
as  aa  nnit  celLli's  eqnivalent  circnit  can  be  considered  as  a  cascade  of  three  naHorm  single  mode  wevcgaideslhe  first 
one  has  the  parameters  a,aad  b^  the  width  and  height  of  tha  middie  part  are  e^d  b,  ,  and  the  parwautere  of  the 
ihbd  part  possesses  the  saesesine  as  the  Orst  one.  Ihosridtb  of  tha  slet  aad  lUge  are  I  and  g^respeedvcly.  dilewaH, 
there  are  two  step  diseoatiaaitiet  at  the  ioiat  points  of  first  wavegaide  arilh  the  second  one  aad  the  second  one  with 
the  third  one*  Ihe  tamped  edaivalent  eircait  model  can  be  nsed  to  deal  with  tha  discontlaalties  becaase  it's  dimen* 
dons  are  oneh  smaller  than  the  waveleaglh.  tfith  striee  naasideratioo  ,the  Ugber  modes  witt  coaple  to  each  other  be- 
aasB  of  the  close  diseoatinaities,  bat  in  fact,  the  eoapling  may  be  negBgibte  for  it  is  very  week  in  both  experimental 
end  theoredcai  ealcBlationa.The  transmission  matrices  of  the  three  segments  of  anlform  wavegaide  ware  described  as 
tj,tj  and  t^  (t,“  t,)respectively,  t«,tj  and  t*  represent  the  transmission  matrices  indneed  by  the  resistance 
discondanity ,  indnetive  and  capacitive  sasceptances  of  the  joint  of  the  first  aad  second  wavegaide  respectively.  t«t, 
and  t^represent  the  bomobgaes  transmission  matrices  of  the  joint  of  the  second  and  third  wavegaide  respectively  (t,  « 
^  >in  snmming,  the  transmission  matrix  of  this  anit  cell  is 

['•.  ]-[n«,)]  0) 

The  transmission  matrix  of  a  resistance  diseontinai^  had  been  calculated  by  R.N.Ghose  (21»tlie  matriees  ofin- 
dnedve  and  capacitive  sasceptances  had  been  obtained  by  R.B.ColUn(3|  and  N.MBenvits(4].  Jiotice  that  the  trans¬ 
mission  matrices  are  obviously  in  accord  with  the  reciprocity  and  symmetry  rale,  from  formula  0).we  have 


u  -  \eotB  -  (B  5  )f<aB .icord. 

d  ^  l»  o  1 


L  -  iw  u-jrJ 


-eo*9^  + 


2Z  Z 

I  S 


tin9,  I  rittf. 


S«g* 


(5) 
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,in  wMeii  Z|,  Z,  ue  the  wave  remtaaoes  of  the  fifst  asil  Meond  wgaieBt  of  vavefoides  leepeBdrely. 
B(Md  ate  the  iadnctive  aad  capacittTO  nueeptaacea  of  the  atep  dIaeotiawtiBs. 

If  the  corrngated  reetangalar  flexible  waaegoide  ta  eompoaed  of  m  parts  of  eomgatioaa,  the  mikta  traasmissioa 
Buttix  ia  the  prodact  of  the  matticca  of  every  anit  ceil,  i.e. 


[r,]-rri(r,)]-[(r/] 
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ao  the  aoltage  reflect  ratio  of  the  oorragatei  reetaafalar  waaegaide  win  be: 

T 


the  atandiag  wave  ratio  of  iapat  voltage  ia  : 


i  +  ir 
i-|r 


this  foimula  ahoara  that  the  VSWR  of  the  corragated  rectaagalar  flexible  waaegaide  ia  a  complex.With  giv¬ 
en  dimenaiona  of  the  corragations  ,  this  complex  haa  complicated  relation  with  the  fTiqnency.When  in  following 
caae: 

,  ,  .a  f  Skmr'^  . 


,  .  ,a  /'  Skmry 

1  ’-sir)  - 


whea  the  reaonance  occurs,  It^a  the  worst  case  for  tranamiaaion.  Ihe  resonance  mast  be  avoided  in 

designing  the  waveguide  for  the  working  band. 

Considering  the  diaoontinnitiea  of  the  joints  of  the  flexible  waveguide  and  standard  waveguide.  Ihe  main 
tranamiaaion  matrix  will  be  maltiplied  by  reaiaunce  ,  capacitance  and  iadaetitity  matrices  of  the  diaoontinnitiea 
at  the  joints  in  both  left  and  right  hand  . 

Based  on  above  network  analytia,  the  optimixatioa  of  paraincteTa  of  the  waveguide  can  be  carried  out  on 
the  computer,  the  optimization  here  means  to  get  the  smallest  VSWR  for  millimeter  band  by  choosing  most 
snitabie  parameters  of  the  corrugated  waveguide. 
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tii«  pwaawten  to  be  optteiaBd  are  tam  of  tbs  cxom  Mctioa  aad  the  depth  of  the  comgatioa.  Ike  terset  faae> 
tioa  to  be  optimixed  can  be  ehoee  ia  this  way,  in  Ka  band  ,  for  different  frequency  to  compute  function 
|r(/^)|,  find  the  biggest  nine,  then  change  the  sobs  of  cross  sectioa  to  different  eombinaUoas, 

l^rnm  0,)|«h»  wUl  change,  there  is  one  combination  that  reduce  the \T (/,)j  to  smallest,  thatoomMaatioa  of 
parameters  U  the  optimal  values,  Le. 

irl- jf/aUfexira  nij 

ImU 


01) 


with  the  restriction  of  flexibility  and  single-'mode  condition 


0.05  <-^<0.1;  0.05  <-^<0,1 


m.  EXPEB.IMBNTS  AND  RESULTS 


According  to  the  theoredeal  analysis  .  a  general  program  for  optimization  and  tolerauee  analysis  of  the  eorru- 
gated  reeungnlar  fkxibie  waveguides  was  made  in  Fortran  77  language,  it  runs  weQ  on  a  10586 
oomputexJbr  Ka-band,  the  results  are:  a, -6.60,  a,-7.6,  b,«3.Q,  bj-4.0,  t-0.5,  g-0.66  On  mm)lhe  toler¬ 
ance  of  broad  and  narrow  side  are  ^.03  mm  and  ^.02  mm^  respectively,  a  sample  was  mannfaetnred  by  the 
precise  electroplating  method.  It's  standing  wave  ratio  and  attenuation  eharacteristie  ware  tested  on  the 
Marconi  6600  sweep  osci]loacope,lhe  experimenul  results  are  shown  in  Fig.2  and  Fi|.3.  Fig.2  shows  both  the¬ 
oretical  and  experimental  resnlts  which  agree  with  each  other  for  the  tested  frequency  range  of  32  -  37.5  OHz 
,  VSWR  and  attennatioa  not  exceed  1.18  and  1.8  dB  /  m, respectively. 
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IV.  DISCUSSIONS 

Using  lumped  parameter  equivalent  network  to  analyze  the  corrugated  rectangular  flexible  waveguide  ia  an  effective 
meant,  Iktnlts  of  experiments  support  the  theory  .  The  analysis  method  and  the  manufacturing  process  of  the  corru¬ 
gated  rectangular  flexible  waveguide  presented  in  this  paper  is  ateful  for  both  microwave  and  millimeter  wave 
bands,  fspecially  of  importance  for  the  shorter  millimeter  band  as  W-band,  the  small  dimensions  of  waveguide  re¬ 
quire  the  strict  tolerance,  without  optimisation.  It  would  be  impossible  to  design  a  satisfactory  waveguide.  In  order 
to  enlarge  the  manufacturing  tolerance  ,  we  are  new  working  on  the  eorrngated  waveguide  which  has  transform 
parts.  Achievements  will  be  published  soon. 
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A  NBW  CALIBRATION  METHOD  FOR  THE  POUR-PORT  REFLECTCMETER 


Nu  Hongxiong,  Liu  Oaquan  and  Pan  Chuhua 
(Zhongshan  University,  Guangzhou,  China) 


ABSTRACT 


A  new  calibration  aethod  for  the  four-port  ref lectoaeter  is  presented 
and  has  been  applied  to  Ka-band  aeasureaents .  The  results  show  th®t  the 
reported  aethod  is  simplicity  and  rapidity  for  calibration  procedure 
and  has  the  saae  aeasureaent  accuracy  as  the  one  in  1 . 

INTRODUCTION 


The  four-port  reflectoaeter( Fig . 1 ) presented  in  2,coapared  with  the  six- 

3 

port  systems  ,  is  structurally  very  simple.  Then,  it  is  specially  ideal 


for  millimetre-wave  frequencies. This 
paper  presents  a  new  aethod  fcr  ca¬ 
librating  the  reflectometer .  It  only 
employs  a  sliding  short,  and  its  ca¬ 
libration  procedures  are  only  a  half 
of  the  one  in  1,  too-  The  method  has 
been  applied  to  a  Ka-band  four-port 
system.  Experimental  results  are  gi¬ 
ven  and  compared  with  the  values  ob¬ 
tained  by  means  of  the  method  in  1 . 

THE  PRINCIPLE  OF  THE  NEW 


Pig.l  The  four-port  reflectometer 
CALIBRATION  METHOD 


For  a  4-port  reflectometer  shown  in  Fig.l,  if  are  the  reflection 

coefficients  of  the  loads  connected  at  the  four  ports , respectively ,  the 
power  reading  at  port  4  can  be  expressed  as  follows 


P 


4 


Kif  A  ^ 

*  ^5^  2^  3 2 3 ^ 


(1) 


where  K^— K,^  are  the  system  parameters  and  can  be  determined  by  calibra¬ 
tion  procedure  directly.  On  che  other  hand,  one  of  port  2  and  port  3  is 
always  terminated  with  a  sliding  short  in  the  calibration  and  the  mea- 


surement  procedures.  If  r2  (or 

^3 

id 

):re  ,  (1)  can  also  be  written 

P^^a)  =  K 

l+ae-^'^ 

l+bc^® 

,  2 

l+ae“-^'^t^ 
or  K  - T-— 

l+be*^“  I 

where  K  is  a  real  parameter  while  a  and  b  are  complex  parameters. 

To  calibrate  this  reflectometer,  the  method  presented  in  this  paper  is 
that  the  following  three  reference  loads  are  used  in  the  four  different 
procedures : 
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A 

sliding  short. 

i  (i-iri 

B 

matched  load, 

r =e  ( je  1  « 

C 

metal  plate, 

r=-i 

while  the  four  different  proceduree  are  as  follows: 


Procedure  I : 
Procedure  II : 
Procedure  III: 
Procedure  FV : 


A  attached  port  2,  B  attached  port  3 
A  attached  port  3,  B  attached  port  2 
A  attached  port  2,  C  attached  port  3 
A  attached  port  3,  C  attached  port  2 


And  then,  in  every  procedure,  the  sliding  short  is  moved  to  N  positions 
in  a  equal  steplength  over  a  half  waveguide  wavelength  and  the  P^(cL>  at 

each  position  is  collected.  Finally,  using  the  similar  method  in  1,  we 
define  the  following  integrals: 


1  2ti  .  ^ 

c  = - L  p,(a)e'J"‘^da 

1  2n  ,  l+ae'^*^,2  . 

= - f  K  - -  n=0,l,2  (3) 

Computing  these  integrals  by  a  summation  of  the  detected  power  readings 
for  N  short  positions,  the  values  of  can  bo  determined.  On  the  other 

hand,  from  the  analytic  expressions  on  the  right  side  of  (3),  using  the 
complex  variable  function  theory  leads  to 

CQ=K[-ab*-(l+|al^)-a*b]/(l-|b|^) 

Cj=K[a-(l+(a(^)b+a*b^]/(l-|b|^)  (4) 

C2=K[-ab+(  1  +  1  a(  ^)b^-a*b^]/<  ^ 

where  *  denoted  the  complex  conjugate.  Soving  the  simultaneous  Eqs  (4) 
yields 

br-Cg/Cj 

a=Q*(l?/l-4/(<J|^)/  2  (5) 

K=21Cj+Cobi/{lQ|(lf  /l-4/l«t^>l 

where 

Q= [CQ(l+|bl^)+2Re(Cjb*)]/(l+CQb) 

Now,  using  the  values  for  K,  a  and  b  and  noting  that  Kj ,  a^,  bj  — 

®IV'  ^’iV  four  procedures  are  related  to  K,  a,  and  b  in  (5) 
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(6) 


bj=b,  Kj=K  ;  aj.j=a*,  bjj=b,  Kjj=K 
a^jj^ai  bjjj=bf  bjy=bf  Kjy-K  • 

After  related  calculations,  the  following  iterative  formulas  for  calcu¬ 
lating  the  system  parameters  can  be  given  as  follows: 


K,  K,  ,  Ki  K.  K-  - 

— >n+<  — )nl  <  —  — >n<~>n<  —  ^n 

^2  ^2  ^2  ^ 

l-f(Kl/K2)„+(VK2)J+(Ki/K2)^(V*2)n 


^2 


//t;t 


'V*2>n7l=*ir'«n'*l/^2>nl'''>„*l-S'V''2'<.*l 

(E  J  _  - s - 

^^5^n+l"^*^6^n+l"^III  ^n+ ^n+1 


‘‘2'n+l 


Letting  Kj=0,  K^=0  and  s=0  in  (7)- (17), the  iterative  intial  values  can 
be  obtained. 

EXPERIMENTAL  RESULTS 

To  verify  the  new  method, a  Ka-band  four-port  reflectometer  has  been  set 
up,  as  shown  in  Fig. 2. All  system  is  controlled  by  IBM  microcomputer  via 
a  interface  circuit.  P  at  port  4  is  measured  by  a  low-barrier  Schottky 
diode  detector  whose  deviation  from  square  law  is  calibrated  in  terns  of 


374 


tlie  Mthod  proposed  in  5.  The  sliding  short  is  drived  hr  the  stepaotor. 
The  reflectoaeter  is  oalibrated  by  using  the  aethod  in  1  and  the  one  in 
in  this  paper  for  ooaparison.  As  for  the  calibration  tine* the  foraer  is 
about  16  ain,  and  the  latter  is  only  a  half  of  it.  Bxperiaental  results 


at  a  frequence  of  36GHz  are  shown  in 
Table  l,in  which  P'is  the  reflection 
coefficient  of  another  sliding  short. 
It  can  be  seen  froa  Table  1  that  two 
sets  of  the  systea  paraaeters  obtai¬ 
ned  by  using  two  aethods  agree  very 
well  each  other. 

To  exaaine  the  reliability  for  above 
calibration  results,  the  reflection 
coefficient  froa  the  polished  aetal 

plate  having  ideal  r’’=11180°is  aea- 
sured  ten  tiaes.The  results  obtained 
by  Beans  of  two  groups  of  the  systea 
paraaeters  are  exactly  the  saae  and 
are  listed  in  Table  l,too.  (For  sia- 
plicity,  only  a  set  of  the  aeasured 
data  is  given. )0n  aeasureaent  errors 
of  the  aethod  reported,  please  refer 
to  2. 


Fig.  2  An  experiaental  4-port 
working  in  a  Ka-band 


Table  1  aeasured  values  of  systea  paraaeters  and  ref .  coef . 


Ideal  T" 


Method  in  1 

Present  method 

Measured  f ’ * 

0.0618^51.23° 

0.0608449.78° 

0.99864180.11° 

1.538940° 

1.538840° 

0.99984180.23° 

1.41074182.53° 

1.41014182.60° 

1.00034180.09° 

0,06564232.31° 

0.05574232.38° 

1.00024180.16° 

0.01284223.86° 

0.01284223.86° 

1.00224180.05° 

0.08774321.51° 

0.08774321.51° 

1.00204180.09° 

0.12174321.90° 

0,12174321.90° 

1.00054180.11° 

0.0136499.53° 

0.0134499.57° 

0.99764180.16° 

0.99544178.75° 

0.99544178.75° 

1.00234180.10° 

0.98884177.14° 

1.00164180.00° 

CONCLUSIONS 


From  all  aentioned  above  and  Table  1,  the  following  conclusions  can  be 
drawn:  The  reported  aethod  can  cut  calibration  tiae  down  to  half  of  one 
required  in  1,  only  requires  a  sliding  -ghort  and  has  the  saae  accuracy 
as  the  one  in  1. These  features  make  this  new  method  especially  suitable 
to  calibrate  a  practical  engineering  four-port  reflectoaeter. 
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AUTOMATIC  MEASUREMENT  FOR  DIELECTRIC  PROPERTIES  OF 
SOLID  MATERIAL  AT  SSOGHzX 

Qiu  BintfahengtLiu  Chens J la . Huang  Jiangjun  and  Qiu  Ruaan 
(Zhongshan  University, Guangzhou, China. ) 

ABSTRACT 

An  automatic  measurement  system  hgs  been  used  to  measure  the  complex 
dielectric  constant  of  solid  materials  at  BSOGHz.This  instrument  can  be 
used  as  a  two-beam  interferometer  for  determining  the  refractive  index 
or  as  a  transmitter  for  measuring  the  absorption  coefficient  of 
dielectric  materials  at  FIR  and  SM^  frequency.  The  results  for  seven 
low-loss  solid  materials  and  the  accuracy  of  the  measurement  are 
presented. 


INTRODUCTION 

There  is  a  growing  interest  in  potential  applications  for  the  sub¬ 
millimeter  waveXSMMW)  spectral  region.  This  interest  is  not  liminted  to 
fundamental  studies, such  as  spectroscopy , plasma  diagnostics  and  optical 
frequency  measurement , but  includes  increasing  military  and  civilian 
requirements.  The  development  of  functional  systems  in  SMMW  region  is 
dependent  on  the  development  of  sources,  detectors,  mixers  and  quasi- 
optical  components . However , the  development  of  quasi-optical  components, 
including  windows, attenuators , isolator, modulators  and  power  couplers, 
etc, requires  accurate  data  on  the  dielectric  properties  of  materials  in 
this  spectral  region.  A  survey  of  the  literature[ 1 ]  has  revealed  a 
serious  shortage  of  data  in  this  region,  because  measurements  are 
extremely  difficult  to  carry  out  accurately. We  select  typical  frequency 
of  SMMW( 890GHz )  to  build  a  measuring  system  of  dielectric  properties  of 
materials . The  capability  of  this  system  to  provide  accurate  values  for 
the  refractive  index  and  absorption  coefficient  at  890GHz  has  been 
demonstrated  for  the  solid  materials , including  TPX , quartz , teflon , poly¬ 
ethylene  and  polpropylene , etc . 


EXPERIMENTAL  SET-UP 


Fig.l  Block  diagram  of  automatic  measurement  system  for 
dielectric  properties 
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Fig.l  shows  the  block  diagram  of  rhe  auto-tneasuremen t,  system  for  SMMW 
dielectric  properties  measurement  at  the  frequency  of  !^90GHz  using  two- 
beam  interferometer.  A  HCN  laser  is  as  the  source  having  output  power 
of  4mw  with  power  stability  of  about  5%  and  operating  frequency  of  890, 
760+0. IMHz  with  frequency  stability  of  2* 10-7 { 2  I . The  laser  output  is  a 
stable , 1 inear ly-polari zed , Gaussian  beam  which  is  well  suited  to  the 
measurement  of  dielectric  properties,  and  the  beam  waist  radius  is 
2.2mm  at  output  window. The  quasi -optical  components  in  this  system  are 
designed  and  made  by  our  laboratory . The  double-prism  couple  I DPC ,  i.e, 
variable  power  divider)  is  made  of  two  right  angle  prisms,  which  is 
composed  of  clear-glass-i  ike  TPX‘,and  makes  the  component  ideally 
suited  for  alignment  of  the  apparatus .When  the  gap  between  the  two 
prisms  is  v'aried.the  ratio  of  two  beam  powers  changes  a  range  about 
Hdb.The  variable  phase-shi f ter ( PS )  is  composed  of  two  right  angle 
reflectors  and  used  for  measurement  of  the  phase  shift,  where  one 
reflector  is  fixed  and  the  other  one  is  driven  by  a  set  of  stepping- 
motor  and  gears. LI  and  L2  are  TPX  lenses, the  BSl  is  a  mylar-  film  beam 
splitter  and  BS2  is  fused  quartz  beam  splitter. 

The  output  of  HC.\'  laser  beam  .which  is  modulated  by  a  chopper  for  pyro¬ 
electric  detector  ,is  divided  into  two  part  by  BPl.  A  small  portion  of 
the  beam  is  picked  up  for  monitoriag  by  the  detector  Dl.The  primary 
beam  passes  through  a  IScz  focal-length  lens  LI  and  then  is  divided  two 
beam  by  the  DPC.  The;  transmitted  beam  passes  through  machanical  phase 
shi  f ter ,  wh  i  1  e  the  reflected  beam  reflected  by  reflector  .Ml  and  comes  to 
focus  at  the  sample  S.  The  beam  waist  at  the  sample  has  a  radius 
w0=0.4cm.  They  are  combined  by  a  splitter  BS2.  The  combined  beams  are 
then  focus  onto  a  pyroelectric  detector  D2 .  The  detector  signal  is  sent 
to  a  amplifier  and  electronic  circuit,  the  signal  can  be  displayed  on  a 
chart  recorder.  A  He-Ne  laser  in  the  other  arm  of  the  interferometer  is 
used  to  align  the  optical  system  and  used  to  orient  the  sample.  The 
sample  mount  provides  for  adjusting  in  horizontal  and  vertical  planes. 
While  the  automatic  measuring  system  is  operating,  the  microcomputer 
gives  an  output  signal  to  drive  stepping  motor,  each  time  the  stepping 
motor  turns  a  small  angle,  the  PS  gives  an  increment  value  of  phase 
shift.  The  output  signal  of  D2  via  amplifying  and  processing  is 
delivered  to  a  computer  for  sampling  and  the  sampling  value  is  stored 
in  the  register.  After  the  entire  scanning  process  is  finished,  the 
microcomputer  begins  data  processing,  and  then  displays  and  prints  out 
the  measuring  result  curve. 

MEASUREMENT  OF  DIELECTRIC  PROPERTIES  OF  SOLID  MATERIALS 


A.  Refractive  index. 

The  measuring  system  can  be  used  for  the  measurement  of  the  refractive 
index.  The  first  stage  of  the  measurement  procedure  is  to  insert  the 
solid  sample  in  the  sample  mount,  adjusts  the  DPC  to  equalize  the  two 
beam  intensities  at  detector  D2 ,  and  adjusts  the  PS  at  start  position. 
By  using  computer  to  drive  the  stepping  motor  scanning,  an  interfero- 


Fig, 2  Interferogram  curves 


measuring 
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gran  cur-  e  includinit  the  information  of  the  sample  phase  shift  is 
obtained.  The  sample  is  then  removed  and  repeats  scanning,  another 
interferogram  curve  with  no  sample  phase  shift  is  also  obtained.  Fig. 2 
shows  the  two  of  these  interferogram  curves.  By  comparing  the  two 
curves,  the  net  path  change  produced  by  the  phase  shifter  to  restore 


the  null  condition  is  equal  to  L.  The  refractive  index  n  of  the  sample 
calculation  formula  ia  given  as  follows[3]: 


TfTdT 


<11 


where  A.  is  the  wavelength  in  air,  d  the  sample  thickness,  N  an  integer 
and  S  is  a  phase  shift  which  arises  from  the  effect  of  multiple  re¬ 
flections  in  the  sample,  and  this  term  is  usually  quite  small.  N  can  be 
computed  as  an  approximate  value  of  the  index  is  available, otherwise , 
measurements  on  at  least  two  different  sample  thichness  are  required  to 


determine  N. 


B.  Absorption  coefficient 

For  the  case  of  radiation  normally  incident  on  a  phane  of  the  sample, 
parallel  plate  of  thickness  d,  the  transmission  T  related  to  the  refra¬ 
ctive  index  n 

T  = 

where  J  =  R  g""*  ^ 


and  absorption  coefficint  oC 

.IClSlML.  (2);  U  = 


is  [3] 


Measurement  of  the  sample  transmission  T  for  determining  the  absortion 
coefficient  o(.  is  accomplished  with  minor  modification  of  the  in¬ 
strument  described  above.  The  beam  of  the  reflected  by  Ml  is  used  and 
the  other  one  is  absorbed .  Detector  D1  is  used  for  monitoring  the  output 
power  of  the  laser,  and  D2  is  used  for  measuring  T  while  the  sample  is 
inserted  and  removed  from  the  sample  mount.  Assuming  the  pyroelectric 
detector  and  amplifier  have  linear  response.  The  ratio  T1/T2  of  the 
measurement  with  two  times  is  transmission  T  of  the  sample. 

LTsually,  the  accuracy  of  the  absorption  coefficient  measurement  is  more 
than  lOX  causing  the  unstable  of  laser  output  power. In  order  to  improve 
the  measurement  accuracy,  we  use  an  electronic  circuit  and  digittal 
voltmeter  for  measuring  the  D1  and  D2  output  signal.  The  accuracy  of 
transmission  measurement  within  0.5%  is  obtained.  Block  diagram  of  the 
electronic  circuit  is  shown  in  Fig. 3. 


I  Signal 
ifrom  D1  or  D2 


Sampling  and  I  Digital 


Low  pass  Amplifier 

om  ui  or  u<L\  [  f  i  Iter  j  ^  _ _ _ _ ^  ^ ^ 

Fig. 3  Block  diagram  of  electronic  circuit  for  measuring  transmission 
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RESULTS  AND  DISCUSSION 


The  values  of  refractive  index  and  absorption  coefficient  which  we  have 
obtained  for  a  number  of  solid  materials  at  room  temperature  are 
presented  in  Tabble  I.  Some  results  obtained  by  literatures  are  shown 
for  comparison. 

The  main  souraes  of  error  in  the  measuring  index  n  are  the  uncertainty 
in  the  measurement  of  sample  thichness  d  and  the  net  path  change  L.  It 
can  be  expressed  as  y 

Represent ive  standard  errors  for  sample  thickness  and  net  path  change, 
such  as  T?X  sample,  are  tO. 004mm  andiO. 002mm,  respectively.  From  the 
formula!?  i,  the  stand.ard  error  in  the  index  of  TPX  is  tO. 00017.  The 
results  'f  stand.ard  errors  in  the  sample's  index  values  are  shown  in 
Table  r . 
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The  error  in  the  measurement  of  absorption  coefficient  mainly  depends 
upon  the  uncertainly  in  the  measurement  of  transmission,  Index  and 
sample  thichness.  It  can  be  expressed  as_ 


t2 


:6: 


This  computation  is  rather  involved.  We  found  that  the  standard  error 
of  absorption  coefficient  depends  strongly  upon  the  uncertainty  in  the 
measurement  of  transmission  T,  for  example •  the  uncertainty  of  T  is 
1.5%  for  the  sample  of  Quartz  at  T=0.65,  it  will  result  in  standard 
error  of  absorption  coefficient  of  7.6%.  So  a  special  electronic 
circuit  was  added  to  improve  the  accuracy  of  transmission  measurement 
as  mentioned  above.  By  using  holding  circuit  and  digital  voltmeter,  the 
influence  of  output  power  fluctuation  can  be  decreased  and  the  accuracy 
of  measured  transmission  T  is  better  than  0.5%.  So  the  measuring  errors 
of  the  absorption  coefficient  ot  are  typically  about  3  percent. 


TABLE  I.  EXPERIMENTAL  RESULTS 


Material 

THIS  WORK  AT  890GHZ 

Literalure 

Thickness* 

(mm) 

L 

(yum ) 

n+an 

T 

(cm  ) 

n 

oL 

(cm‘'J 

Crystalline 

Quartz 

10. 984+. 003 

119.1 

2.  1133±.0004 

0.674 

0.098 

2.114 

(43 

0.1 

Crystalline 

Gernanium 

15. 100+.003 

80.4 

3.9904+.0006 

0.0807 

1.073 

4.006 

W 

0.76 

ZnSe 

2. 857+. 003 

15.2 

3. 1246  +  .002 

0.304 

1.931 

3.124 

C6J 

Tef ion 

14.200+.004 

97.9 

1,4333+. 0003 

0.593 

0.351 

1.391 

0.39^'^^ 

TPX(A)*'' 

TPX(B) 

15. 674+. 004 
15. 662+. 004 

na.8 

117.7 

1 .4583  +  . 0002 
1. 4585  +  . 0002 

0.611 

0.602 

0.292 
0.  38 

1.457 

0.3lW 

Polyethylene 
High  Density 

15.040+.005 

20.7 

1.4711+.0003 

0.595 

0.266 

1.463 

t5-> 

0.272 

Polypropylene 

(Sintered) 

12.731+.008 

150.5 

1 .4875  +  . 0004 

0.313 

0.836 

1.499 

OH 

0.27 

*  The  meassurements  of  sample  thickness  are  carried  out  by  the 
Institute  of  Guangdong  Metrological  Science. 

**  The  material  of  TPX  has  been  stored  for  more  then  10  year. 


The  data  given  here  are  measured  at  a  single  frequency,  it  can  provide 
guidance  at  higher  or  lower  frequency  as  well.  The  measuring  system  can 
also  be  used  to  measure  the  dielectric  properties  of  liquid  materials. 
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HIGHER-OROER  MODES  IN  COAXIAL  CHIROVAVEGUIDES 
Shen  Zhongxiang 

(Nanjing  Aeronautical  Institute,  210016,  China) 


ABSTRACT 

The  propagation  characteristics  of  higher-order  modes  in  coaxial  chi- 
rowaveguides ,  which  consist  of  coaxial  transmission  lines  filled  with 
chiral  materials,  are  investigated  in  this  paper.  The  analysis  is 
based  on  analytic  formulation  of  electromagnetic  field  components  auid 
application  of  boundary  conditions.  Numerical  results  are  presented 
for  the  variation  of  the  propagation  constants  with  frequency  and  the 
radius  ratio  of  inner  and  outer  conductors 

INTRODUCTION 

Chiral  media  have  long  been  known  in  optics  under  the  more  common  name 
of  optically  active  materials.  Such  materials  are  characterized  by  an 
intrinsic  left-  or  right-handedness  at  optical  frequencies,  due  to  a 
helical  natural  structure.  Renewed,  recent  interest  in  chiral  media 
stems  primarily  from  the  possibility  that,  through  advances  in  polymer 
science,  or  through  the  manufacturing  of  artificial  dielectrics  [1,2], 
substances  possessing  a  rotatory  power  at  microwave  or  millimeter- 
wave  bands  might  be  produced. 

Recently  a  new  type  of  guided-wave  structure,  named  chirowaveguide , 
was  suggested  by  Engheta  et  al.  [3].  The  chirowaveguides  consist  of 
cylindrical  waveguides  filled  with  homogeneous  isotropic  chiral 
materials.  Due  to  the  electromagnetic  chirality  of  the  material  inside 
the  waveguide,  several  important  features  are  associated  with  this 
type  of  guided-wave  structure.  Such  waveguides  will  have  a  variety  of 
potential  applications  in  integrated  optics,  electronic  devices,  and 
optical  communications  systems  as  well  as  in  their  millimeter-wave  and 
microwave  counterparts . 

In  this  paper,  we  analyze  the  propagation  characteristics  of  higher- 
order  modes  in  coaxial  waveguides  filled  with  homogeneous  isotropic 
chiral  media.  The  expressions  foiP the  electromagnetic  fields  inside 
the  coaxial  chirowaveguide  are  given,  and  the  boundary  conditions  are 
used  to  derive  the  characteristic  equations  for  the  higher  order 
modes. 


FORMULATION 

It  has  been  shown  that  in  the  case  of  a  chiral  medium  made  of  randomly 
oriented  and  uniformly  distributed  lossless,  short,  wire  helices,  the 
set  of  constitutive  relations  for  time-harmonic  fields  {  exp(-juJt)  ) 
has  the  form 

S.ti.JJ*  ,n 


.UQ. 


fi  *  j|.f  +  (2) 

where  6 , ^ represent  the  dielectric  constant,  permeability,  and  chi¬ 
rality  admittance  of  the  chiral  medium,  respectively. 


In  the  chirowaveguide ,  the  direction  of  propagation  is  along  the  z 
^is.  Considering  the  z-dependence  exp(J/S  z)  for  the  field  components 
inside  the  guide  and  using  chiral  constitutive  relations  (1)  and  (2) 
and  the  source-free  Maxwell  equations,  the  transverse  components  of 
electric  and  magnetic  fields  inside  the  chirowaveguide  can  be  expre¬ 
ssed  in  terms  of  the  longitudinal  components  of  Sf-and 

H,=ja 

where  ,  ^  . 

a=  [-i-C  k*  , 

b= 

c=  2(CyiJ/k, 

h,= 

Kf  = 

and  ,  with  and  kso?/*'?’  with  a>  being 

the  radian  frequency  of  the  time-harmonic  fields. 

The  longitudinal  components  E  and  H  can  be  expressed  in  terms  of  func¬ 
tions  Uf  and  according  to 


with 


and 


Ej=  +  P.U, 

Hj=  q+U*  +  q,U. 

+  P^  =  0 
+  P_  U_  =  0 

p.= 

p.=  k:-/)' 


(5) 

(6) 

(7) 

(8) 


For  the  coaxial  chirowaveguide  whose  inner  and  outer  conductors  are  at 
radii  Rjand  B/,  respectively,  the  use  of  a  polar  coordinate  rfz  system 
yields  the  following  solutions  for  and  U-  in  the  range  R,<r<R,. 

U^(r)»fA,J»(/pr-r)  +  B,YH(irp7-r)l  exp{jnf)  (9) 
U.(r)  =  [A,J^(/p:T)  +  BjYnUpT-r)]  exp(jn5)  (10) 


where  A,,  Bj,  A^ ,  and  are  constants  to  be  determined.  Here  Jn  and 
Yn  are  the  Bessel  functions  of  order  n  of  the  first  kind  and  the 
second  kind,  respectively. 
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Enforcing  the  boundary  condition  that  the  tangential  components  of 
electric  field  equal  to  aero  at  r=R,  and  r=Rj  and  using  the  equations 
(3)  and  (4)  to  yield 


where 


=0  (11) 


P^.Yrt  0/^P.) 

p-  J„  6^^.; 

P.  Y„ 

A, 

P.f-Jn  U^^a) 

p^y„ 

P_j;, 

P.YniJffal 

B. 

SS1(R, ) 

SS2(R, ) 

SS3(R, ) 

SS4(R, ) 

A* 

SSKRg) 

SS2(R4) 

SS3(R^) 

SS4(Ra) 

7*. 

ssi(R)=  T,In(MP'yk-*- 

SS2{R)= 

SS4(R)=  %rn(/Kfi)/ji  ^ 


and  T,=  n(jcq^-aP+),  Ta=  n(jcq,-aP_),  Ty=  dP^.+jbq^,  and  T*=  dP_+jbq». 
In  order  to  accomplish  a  nontrivial  solution  of  (11),  we  must  require 
the  determinant  of  the  coefficient  matrix  in  (11)  equals  to  zero,  that 

is 

Det  [  H  ( ^ )  ]4k4  =0  (12) 

where  the  expressions  for  the  elements  of  the  matrix  [  H(/9)]  can  be 
obtained  from  equation  (11)  straightly.  The  propagation  constant^  can 
be  found  by  solving  the  resulting  characteristic  equation  (12). 

NUMERICAL  RESULTS 

In  this  section  we  present  calculated  results  for  the  propagation  con¬ 
stants  of  higher-order  modes  in  coaxial  chirowaveguide .  The  example 
consists  of  a  coaxial  line  homogeneously  filled  with  a  chiral  medium 
of  relative  scalar  permittivity  6'=1,  relative  scalar  permeability 
M»’=l  and  chiral  admittance  ^c  =  l  mS.  The  descriptor  EHmn  used  in  [6]  is 
adopted  here  for  chiral  modes.  The  resulting  propagation  diagram  is 
given  in  Fig. 2*  The  results  for  Ra=0  (  that  is  circular  metal  chiro¬ 
waveguide  )  are  in  agreement  with  the  data  in  [6].  The  variation  of 
the  propagation  constants  for  HE,^  and  HE_,,  with  the  ratio  B^/R,  is 
shown  in  Fig. 3. 
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Fig.l  Cross  section  of  coaxial  chirowaveguide 
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RESEARCH  ON  IMPROVING  ISOLATION  OF  8mm  PIN  SWITCH 


Zhou  Chun, Fang  Yu, Fang  Fuming, Wang  Liangchen, 
Wang  Li, Zheng  Dong 

(Institute  of  Semiconductor, Academia  SINICA) 


ABSTRACT 

The  planar  structure  PIN  fin-line  switch  has  been  done  successfully  in 
our  grope  in  1989.Tpical  performances  of  the  device  are  shown  bellow: 
the  operation  frequency  33-35GH2,the  insertion  loss  I  1 . odB, standing 

wave  coefficienct  s  1 . 2. switching  time  80ns, power  standing  P  Iw, 
and  rather  good  reliability. 

Isolation  is  one  of  the  important  characteristics  of  a  switch. How  to 
increase  the  isolation  of  the  switch  will  be  presented  in  this  paper, 
what  steps  should  we  take  to  improve  this  parameter  while  keeping 
insertion  loss  and  other  parameters  nearly  constant? It  is  just  the  goal 
of  this  experimental  research. The  initial  results  of  25dB  increament 
is  obtained, with  nearly  same  insertion  loss. 

RESTRICTING  THE  TRANSMISSION  OF  PARASITIC  MODE 

Because  of  the  discontinuity  between  the  waveguide  and  fin- line, a 
parasitic  mode  will  be  raised  at  the  junction. This  mode  is  not  under 
control  of  PIN  diodes, because  it  passes  through  the  upper-side  of 
the  finline  resulting  of  the  limitation  of  the  switch  isolation. In  this 
work, remarking  improvments  of  isolation  are  archieved  by  means  of  re¬ 
stricting  the  leaking  power  under  the  condition  of  using  PIN  switch 
with  higher  isolation. 

Therefore  it  is  very  important  to  find  useful  roethodes  to  destroy 
parasitic  transmission  line  in  order  to  lower  leaking  power.  One  of  the 
method  is  to  use  a  piece  of  film  with  absoring  electromagnetic  wave 
and  electronic  isolation  functions . This  method  has  been  proved  to  be 
availale. 
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PROCESS  OF  MAKING  ISOLATION  FILMS 


In  the  experiment, three  kinds  of  thin  films  are  choosen. 1 . plastic  film, 
serving  as  a  standard  for  the  comparision  with  other  films. 2. alloy  film. 
3. absorbing-wave  film. 

1.  Alloy  Film 

On  the  thin  mica  film, after  evaporating  metals  of  In  and  Sn,  a  kind  of 
alloy  film  is  obtained. Through  changing  the  fractions  of  every  kind  of 
metals. the  different  magnitude  of  surface  resistance  R  of  the  film  can 
be  achieved. Better  results  have  been  when  using  this  film.  But  some 
shortcomings  exist  in  the  alloy  films  too. The  adhesion  of  metal  to  mica 
is  weak; this  fault  get  rise  to  the  poor  mechanical  performence  and  low 
real lability  rate. 

Another  kind  of  alloy  film  is  gotten  in  the  case  of  using  A1  and  Ni. 
Like  InSn  alloy  film, it  also  has  good  results  in  the  improving  isolation 
measurement . 

2.  Absorbing-wave  film 

This  kind  of  film  has  better  mechanical  performance  and  good  results. 
RESULT  AND  CONCLUSION 


The  measurement  cf  isolation  is  made  under  the  condition  of  f-35GHZ,and 
input  power  P»700-800mW. The  Fig. 2  shows  the  diagram  of  ‘  mearurement 
. system. 


{power  source — {isolator 


laigi tai-voltmeter 


'single-- pole 
durlp  I- throw 


attenuator — .  modulator  —  aetectorj — 


snort 
clrcuite 


i! 


bigital-voitmeter 


2 

Comparing  to  the  plastic  film, isolation  improvments  of  resulting  fromusing 
using  other  films  are  displayed  on  Table  I.  Two  different  methods  are 
used  in  the  experiment;  a. Only  one  film  is  used.  b.Two  films  are  taken. 

The  structure  charts  are  shown  bellow  respectively 


I  eavlty-Cu 
isolation  film 
fin-line 
isolation  film 
envity-Cu 


cavity-Cu 
isolation  film 
fin-line 
cavity-Cu 


CONCLUSION: 


1. The  parasitic  mode  exists  certainly  in  the  fin- Line  switch.  It  takes 
the  upper-fin  strip  as  its  transmission  line.  In  the  switch,  parasitic 
mode  contribute  to  the  leak  power  without  being  controlled  by. PIN  diode. 
Bellow, representing  several  typical  results  in  our  experiment. 

2.  To  restrict  parasitic  mode, the  method  discussed  above  is  very  useful 
but  it  is  not  the  only  one  must  be  taken  to  reach  the  object.  In 
principle, other  methods  can  also  be  taken  to  destroy  parasitic  trans¬ 
mission  line, such  as  making  filter  circuit  on  upper-line  metal. 

3.  In  the  experiment,  a  phenomenon  is  found  that  only  at  the  time  original 
isolation(while  plastic  film  is  taken)  are  high  enough, the  advantage  of 
changing  film  is  obvious. So  that  a  conclusion  can  be  obtained:  the 
magnitude  of  parastic  mode  is  rather  small,  and  it  can  contribute  the 
influence  to  isolation  only  when  output  power  of  switch  in  isolating 
situation  reach  the  same  value  order  as  the  parasitic  mode. 


filmCone) 

plastic  film 

AI 

isolation 

35  dB 

52  dB 

T7  « 

f  ilm(  one) 

plastic  film 

absorbing  film 

AI 

isolation 

33.1  dB 

43.9  dB 

10. e  dB 

fila(tiio) 

plastic  fill 

absorbing  fila 

AI 

isolation 

37.5  dB 

62.5  dB 

25  dB 

Table. t 
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FAR-mritJUtBO  SPBCTRAL  BMXSSIOM 
FROM  SIMPLE  IONIC  FILMS 
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Introduction 

It  la  obvloua  that  the  frequency  de¬ 
pendent  dielectric  properties  of 
aubstancea  are  responsible  to  the 
optical  properties.  The  long  wavelength 
lattice  vibrations  reflect  the  Infrared 
dielectric  properties  of  ionic  crystals. 
The  lattice  vibrations  are  baaed  on  the 
potential  energy  between  atoaa  in  which 
both  baraonlc  and  anharaonic  (daaplng) 
terms  are  included.  Transverse  optical 
phonona  in  polar  crystals  interact 
strongly  with  electromagnetic  wave  when 
the  retardation  of  the  Coulomb 
interaction  between  ions  is  included(l). 
This  results  in  a  mixed  excitation  of 
the  crystal  ea  one  of  the  normal  modes 
called  polaritonsl21 .  Therefore . the  tar- 
infrared  spectroscopy  has  been  one  of 
the  powerful  means  to  discuss  lattice 
dynamical  properties  of  ionic  crystals. 
Since  the  Infrared  eaissivity  is  equal 
to  the  absorptance  in  a  thermally 
balanced  system  according  to  the 
Kirchhoff's  law[31,the  ealsslon  spectro¬ 
scopy  has  been  also  a  powerful  means 
particularly  for  its  temperature  de¬ 
pendence  because  of  ease  of  Its  aeasure- 
aent .  In  this  report,  present  author 
will  review  his  own  work  on  the  teapera- 
ture  dependence  of  phonon  nodes  in  some 
cubic  ionic  crystals  obtained  by  aeans 
of  far-infrared  spectral  emission 
spectroscopy -Measureaents  are  made  on 
metal-backed  films  at  an  oblique 
emission  angle.  The  spectral  analysis  is 
performed  for  the  observed  spectra  using 
a  theory  of  virtual  modes  for  slabs 
derived  froa  the  polariton  modes  [5,61. 
The  estimated  temperature  dependence  is 
discussed  in  terns  of  a  theory  of  phonon 
anharmonlclty . 
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Infrared  Dielectric  Response 

The  dielectric  function  c (»)  of  a 
cubic  polar  crystal  such  as  alkall- 
halldea  is  given  by  the  following  re¬ 
lation  within  the  haraonic  approximation 
of  lattice  vibrations; 

0)1-10^ 

-J - j-  ,  ( 1 ) 


where  is  the  high  frequency  di¬ 
electric  constant,  and  are. 
respectively,  the  transverse  optical 
(TO)  and  the  longitudinal  optical  (LO) 
frequencies  of  long  wmvelengt’'  lattice 
vibrations.  Therefore,  the  static  die¬ 
lectric  constant  c,  is  given  as 

Ql? 

.  (2) 


Tbe  classical  description  for  the  di¬ 
electric  function,  Including  daaplngs 
caused  by  the  lattice  anharmonlclty,  is 
written  as 


o/j  —  a>*  —  Ifto 
a>T  —  tu*  —  (yw* 


(3) 


The  theraodynaaical  Green  function 
technique  for  aany  body  probleas 
predicts  the  dielectric  function  as  [4] 

£(o;)  wL  -  +  2wt(A,(ci;)  -  ir(a»)) 

£.  +  2(t>T(A](a;)  -  ir(w)) 

where  and  are,  respectively,  the 
quasi-baraonic  TO  and  LO  mode  frequen¬ 
cies  incorporating  the  effects  of 
thermal  expansion.  r(w)  is  the  imaginary 
part  of  the  phonon  self-energy 
describing  tbe  frequency  dependent 
daaplng  mainly  reflecting  the  two-phonon 
density  of  state.  Ajiw)  is  the  real  part 
of  the  self-energy  describing  the 
frequency  shift. 


virtual  Mod«» 

A  data! lad  tbaory  baa  baan  glvan  on 
tha  optical  proparties  of  an  ionic  slab 
by  Fuchs  and  Kliewer  [5,6].  In  a  thin 
slab, the  finite  thickness  of  crystal  and 
tha  coupling  bataean  phonons  and  photons 
causa-  an  alteration  of  polariton 
dispersion  curves  and  the  appearance  of 
aany  virtual  sodas  which  have  Incoaing 
or  outgoing  waves  outside  the  slab 
(radiative  sodas]. 


4 

sample 

a 

f 

7V777777777777Z77 


Fig. 1 .Oiagraa  giving  definitions  of 

emission  angle  d,  fils  thickness  a  and 
radiation  polarizations  p  and  s. 

Baaed  on  tha  diagram  shown  in  Flg.l,  the 
infrared  properties  of  aatal-backed 
ionic  slabs  can  be  determined  from  the 
following  equations;  Those  are,  for  p- 
and  s-polarization, 

-  1  -  [i^//J,c(u>)]  tsn  /?<! 
t.  -  1  +  (i/[//?o)(an /»d. 

where 


A>=v'(a»/c)*— fc,*  ^ = V f  (<d/c)*— Jk,*,  (6) 

where  k^  is  the  wave  vector  of  the  field 
of  radiation  in  direction  of  x.  Writing 
P,  »  (2  -  L^/L, 

P.  -  (2  -  ,  (7) 

the  emlssivlty  B(iu)  are  then 

£p  =  «  -  IM') 

for  p-  and  s-polarization,  respectively. 
Osing  the  relation  k^s(ui/c)sin  0  and  the 
dielectric  function  given  by  equationO) 
a  typical  extwple  of  the  p-polarlzed 
spectrum  of  NaCl  slab  calculated  basing 
on  equation  (8)  Is  shown  in  Fig. 2, 
together  with  absolute  value  of  the 
dielectric  function.  No  emission  peak 
around  the  LO  mode  frequency  is 
predicted  fur  s-polarization  spectrum. 


Fig. 2 .Dielectric  dispersion  and  p- 
polsrized  emission  spectrum  for  2pa 
MmCl  film  with  emission  sngle  of  45*. 


Experimental 

Metal-backed  polycrystalline  films  of 
cubic  ionic  crystals  have  been  prepared 
by  vacuum  evaporation  onto  platinum 
plates.  Baisslon  spectra  at  an  oblique 
emission  angle  have  been  aeasured  using 
either  Fourier  transformed  (FTIR)  or 
grating  Infrared  spectrometers  [B-IO]. 
Fig. 3  shows  a  schematic  drawing  for  the 
laboratory  equipped  FTIR  spectrometer . 


Fig. 3. Schematic  drawing  of  laboratory 
equipped  FTIR  spectrometer. 

A  mylar  sheet  beam  splitter  and  a  Golay 
cell  radiation  detector  were  used  in 
this  spectrometer.  The  whole  optical 
system  was  enclosed  in  a  housing  and 
flushed  with  a  stream  of  dry  nitrogen 
gas  to  remove  the  effect  of  atmospheric 
absorption.  Fig. 4  shows  a  sample  heater 

3M* 


••t  at  a  part  of  lipKt  aourca  of  a 
Brucker  irsilSv  vacuum  rriR  apaetromatar 
togathar  with  a  blackbody  radiator.  * 
wire  grid  polar l*er  was  uaad  for  the 
polarisation  aaasuraanta.  Tha  apactral 
radiation  Intanalty  froa  a  saaple  was 
noraallzad  to  that  froa  a  black  body 
radiator  to  astiaata  tha  aalsslvlty 


(S) 


<a) 


rig.S.p-polarlzad  spactra  for  tha  l.Tpa 
Mad  flla  at  various  taaparaturas 
aaasurad  at  45*  aalaslon  angla. 


rig.l.Saapla  haatar(b)  and  balck  body 
radiator  (a)  for  a  Bruckar  IFS  113v 
apaetroaatar . 


Raaulta  and  Discussion 

As  typical  exaaples,  Pigs. 5  and  6 
show  tha  taaparature  dependene  of  p- 
polarizad  spectra  of  MaCl  film  having 
1.7va  thickness  and  CaF^  files  having 
I.4|iB  thickness,  respectively  (8,12].  It 
Is  clear  froa  Fig .5  that  the  spectra  for 
MaCl  show  anoaalous  eaiasion  peaks 
around  tha  LO  node  frequency  unlike  the 
calculated  results  shown  In  Fig. 2.  These 
anoaallas  have  been  also  observed  for 
KBr  and  KCl  fllas  but  not  for  fluorides 
such  as  BaFj  and  CaF^  [9,10,13].  The 
anoaalous  fine  structures  have  been 
caused  by  the  considerable  structure  in 
tha  self -energy  of  the  TO  phonons  around 
the  LO  node  frequency  (14]. 

In  order  to  derive  the  frequency 
dependence  of  the  self-energy  as  well  as 
phonon  aodes  at  various  teaperatures.the 


Fig.e.p-polarlzed  spectra  for  the  2.0  pa 
CaF,  flla  at  various  teaperatures 
aeasured  at  45*  ealsslon  angle. 

llneshape  analysis  has  been  performed 
for  MaCl  and  KCl  using  equation  (8)  and 
the  following  empirical  fora  for  the 
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self-enrsiy:  That  is 


A,(tu)  -  ir(«;)  . 

m*  ~  (oj  +  1C 


-  Co;  4  icuyy  <9» 

The  above  empirical  fora  with  five 
borenzlan  shapes  is  based  on  the  rooa 
temperature  self-energy  obtained 
theoretically  1141.  The  solid  line  in 
Pig.S  shows  the  results  obtained  from 
lineshape  analysis  for  MaCl.  Pig .7  shows 
the  self-energy  at  various  temperatures. 
The  self -energy  and  its  temperature 


(15,161.  The  large  peak  in  r(w)  is 
mainly  caused  by  two  phonon  Interaction 
which  reflects  two  phonon  density  of 
state. The  two  phonon  interaction  gives  a 
sub-linear  temperature  dependence,  while 
the  other  higher  order  interactions  give 
a  super-linear  dependence.  Pig.S  plots 
the  temperature  dependence  of  the 
scaling  factor  for  the  self-energy 
indicating  linear  increase  with 
temperature,  which  has  not  yet  been 
clearly  understood  theoretically. 


dependence  are  caused  by  various 
multiple  phonon  interactions  through  the 
non-linear  terms  of  lattice  potential. 
These  multiple  phonon  interactions  have 
been  discussed  in  detail  by  previous 
authors  including  temperature  dependence 


0  100  200  300  400  300 
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Pig. 7. Self  energy  function  for  MaCl  at 
various  temperatures. 

- ,r('u)  ;  -  .dji'u) 
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Pig . 8 . Temperature  dependence  of  scaling 
factor  for  NaCl.  •,1.7)ia;  qi  ,7.  Spa 
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INTERACTIONS  BETWEEN  MILLIMETER  WAVE  AND  POLAR  AND 
NONPOLAR  MOLECULES 


Chen  Jianbo  and  Li  Binhong 
(Shanghai  Jiao  Tong  Univesity) 


INTRODUCTION 

The  spectruB  of  interaction  between  aiilineter  wave  and  nolecule  can  lie  in  three 
bands:  !•  electron  spectrui  in  ultraviolet  and  visible  lightbands;  2.  aoiecuie 
vibration  spectrun  within  near  infrared  and  Medial  infrared  bands;  3.  aolecule 
rotation  spectrun  covering  the  infared,  ailiiieterwave  and  nicrowave  bands. 
Neglecting  the  coupling  between  the  vibration  and  rotation  of  the  aolecule,  the 
interaction  between  ailliaeterwave  and  aolecule  corresponds  to  the  transition 
between  two  rotation  energylevels  of  aolecule. 

There  are  polar  and  nonpolar  aolecules.  Both  principles  and  analytical  aethods  of 
their  interaction  with  ailliaeter  wave  are  different.  The  intrinsic  electric  dipole 
aoaent  of  a  polar  aolecule  can  directly  couple  with  EN  wave,  and  aolecule  state  can 
transit  between  its  rotational  energy  levels.  Since  the  nonpolar  aolecule  does  not 
have  intrinsic  electric  dipole  aoaent,  it  can  not  couple  with  EN  wave  directly  and 
its  state  can  not  transit  between  rotational  energy  levels.  However,  when  there 
exists  a  noipaired  electron  in  nonpolar  aolecule,  its  uncancelled  self-spin  Magnetic 
aoaent  will  precess  under  the  applied  Magnetic  field,  and  the  quantization  of  the 
precession  will  split  each  rotational  level  into  several  sublevels.  The  transition 
of  the  aolecule  state  between  any  two  sublevels  well  also  correspond  to  ailliaeter 
wave  frequency. 

In  this  paper,  we  present  the  theoretical  coaputation  of  the  interaction  of 
ailliaeter  wave  with  two  kinds  of  aolecules  by  using  quantua  Mechanics.  Froa  the 
coaputation  results  of  the  typical  polar  aolecule  HjO  and  nonpolar  aolecule  O7 , 
their  peaks  of  absorption  coincide  with  those  of  Measured  ataospheric  attenuation 
curve  very  well.  Therefore,  this  analytical  and  coaputing  aethod  will  also  be 
suitable  for  other  substance  aolecules. 

ANALYSIS  OF  INTERACTION  BETWEEN  MILLIMETER  WAVE  AND  POLAR  MOLECULE  HjO 


1.  Basic  Principle 


fig.l  Scheae  of  structure 
of  water  aolecule 


Fig.l  shows  the  structure  of  HjO,  since  its  positive 
and  negative  change  centers  do  not  coincide,  it  has  a 
intrinsic  electric  "dipole  aoaent  and  is  called  a  polar 
aolecule.  Let  us  find  out  its  rotational  energy  levels 
by  using  quantua  Mechanics,  and  estaate  its  absorption 
spectrua. 


|he  aolecule  consists  of  nucleuses  and  electrons,  neglecting  the  coupling  between 
iiectronic  self-spin  Magnetic  aoaent  and  orbital  Magnetic  aoaent,  the  aolecule 
Haailtonian  operator  can  be  written  as 


H=- 


h* 

2Mc 


pa 


-  s 


Z„e^ 

A  n  6  oTc  I 


Z.Z.e’ 

^  Jt  6  0  Ro  • 


Ti^Tn+Vat^Vm^V** 


<1) 


e* 

4n  €  .Tij 

Where  i  stands  for  the  ith  electron  having  mss  of  Me; 

a  stands  for  the  a  nucleus  having  atoaic  order  of  Za  and  aass  of  Ma ; 

Ti  and  T»  are  kinetic  energy  operators  of  electron  and  nuleus  respectively; 
V»«,  are  static  electrical  interactional  energies  between  a  electron 

and  nucleus,  a  nucleus  and  another  and  a  electron  and  another  respectively. 

The  Schrodinger  equation  of  the  aolecule  is 

i5\|»  (R,,r,)»Ei>  (Ra,r,)  <2) 

Where  E  stands  for  the  total  energy  of  the  aolecule,  *  stands  for  the  whole 
wavefuntion  of  the  aolecule,  while  depends  on  all  the  positions  of  nuclei  and 
electrons,  when  all  the  nulei  are  fixed,  the  Schrodinger  equation  for  electron 
notion  becoaes: 

Hai^*{Ra,ri)*E*(Ra)^<(Ra,rt), 

Where  H.^T.^Vn.i-V,. ,  E.  (R.)>E-V,,  <R.) 

We  obtain  results  for  Ee  and  tpe  under  special  positions  Ra  fixed  by  solving(3),  but 
they  are  what  we  are  not  interested  in  here. 

What  are  eaphasized  are  the  notions  of  nuclei.  Therefore,  we  first  write  down  the 
whole  wavefuntion  as  a  product  of  electron  wave  function  and  nucleus  wavefuntion: 

♦  (R. ,ri)  =  0  « <R«,r,)  ♦  » <R«)  W 

substituting  (4)  into  (2),  thinking  of  T»  ■  =5  ♦  .T»  ♦ « ,  and  taking  <3)  into 
account.  „ 

We  have  H.  i>.(R.)  »Ei»«(R,)  <5) 

Where  h\ aT,4.V(R. >»?,♦£.  (R«)*V*,  (R.)  (6) 

and  E  stands  for  total  energy  of  the  aoleczule  systea.  The  above  two  equations  tell 
us  that  nuclei  are  in  action  in  a  potential  field  V{Ro).  Solving  (5>  will  give  us 
the  eigen  value  £  and  eigen  function  ■■  (Rs) . 

Neglect  the  coupling  kinetic  energy  between  vibration  and  rotation  and  translational 
notion  energy.  We  have 

H,=T.*V(R„)=Tr*  (Tv*V<R<. )  I  =Hrot*Hvib  (7) 

substituting  (7)  into  (5),  let  « = 'll  r  o  t  •  »>  v ,  > ,  E=Erot*E,,»,  we  have 

Hr  c  t  •  1>  r  o  t  =Ero  t  •  m  r  o  ,  (8) 

Hvil>*'|lvlb*Evlb^'llvlb  (^) 

In  ailliaeter  wave  band,  we  only  need  to  sp.lve  (8). 

Froa  the  reciprocity  of  operator,  we  first  find  out  the  eigen  function  Urot.sya. 
=UjkB  for  syanetric  gyro  aolecule  according  to  the  relations  of  aatrix  and  quantua 
aechanics : 


det{(  .IHrot!  n-Erot)  5  «n*0 


<I0) 


According  to  the  orthogonality,  the  inner  products  have  only  k  possible  values. 
Therefore  (10)  can  be  siaplified  to  a  finite  rank  deterainant. 


dit{H.\"-Er»,  6 


k’k-€  (-J,JI 


(11) 


Where 


,”=/  <l>»JK«'Hrb,<:> 


■  d  T 


S92 


» C , • , • {h/2)  ( (2C-A-B) <K ' ) * ♦ (A^B) J (J*I ) I ♦ « . * {h/*) (B-A) IJ(J*I)- 
X'  (X'-l)]*''*  IJ(J>1)-(K’*1)  (K’*2>I  '^*^6  (*/h) 

<B-A)  IJ(J+1)-K’<K’-1)!  ■''*  (J(J*I)-(!C*-1)  {X’-2)r''‘  (12) 

and  A,B  and  C  are  constants  depending  on  aoaents  of  inertia  about  three  aain  axes. 
Eigen  value  Erat  can  be  obtained  by  solving  <10). 

2.Nuaericel  solution  and  coparision  with  aeasured  result. 

there  are  aany  techniques  to  solve  (It),  ve  use  QR  technique  here.  For  HiO  aolecule, 
we  have 


A=80888.48  hdz,  B*43066.t9  NHz,  0=28103.30  MHz 

Input  thea  into  the  coaputer,  we  obtain  2J+I  values  for  each  J.  After  coaparing  and 
selecting  aaong  these  valuesa,  the  following  transitions  within  ailliaeter  wavebano 
can  be  found: 


J 

froa 

5  , 

to 

b_s , 

vi=0.76  ca-' , 

X  =13.575 

an 

J 

froB 

3_i 

to 

2.2, 

v2=6.07  ca-', 

X  =1.647 

BB 

J 

froa 

5_. 

to 

4  0, 

v3=10.83cb-' , 

X  =0.923 

aa 

These  frequencies  have  a  good  agreeaent  with  the  absorption  peaks  of  aeasured 
ataosphere  attenuation  curve  of  H2O  aolecule.  This  shows  that  the  physical  aodel 
and  coaputing  aethod  used  here  are  correct  and  can  be  used  to  other  kinds  of  polar 
aolecules . 


Fig. 2,  ataosphere  attanuation  curve:  A.  sea  lever,  teaperature  t=20’C,  ataospheric 
presure  P=t0I325  Pa,  water  vapour  density  p=0.075Kg/a’ ,  B.  4Ka  altitude  sky,  1=031;, 
p=0.00IKg/a’. 


ANALYSIS  OF  INTERACTION  BETWEEN  MILLIMETER  WAVE  AND  NONPLOAR  MOLECULE 
O2 

) .  Basic  principle 

Fig. 3  shows  the  structure  of  Oj  aolecule.  Since  its  positive  and  negative  charge 
centers  coincide  with  each  other,  there  is  no  intrinsic  electric  dipole  aoaent.  EM 
wave  can  not  cause  transition  between  retational  energy  levels  of  the  whole 
aolecule.  However  in  the  Oj  aolecule  there  are  two  unpaired  electrons  located  in 
!Rg»<2P»>  and  Ing*<2P,)  orbits  respect ively Because  their  self-spins  are  in  the 
saae  direction,  there  exists  a  intrinsic  aegnetic  aoaent.  This  aagnetic  aoaent 
processes  around  the  applied  aagnetic  field  <such  as  the  orbit  aagnetic  field),  and 
the  precessions  will  be  quantized.  This  quantization  is  so  called  reorientating 
quantizion  of  self-spin. 


Fig. 3  structural  scheae  Fig. 4  vector  scheae  of  Fig. 5  first  a  few  rotational 

of  0;  aolecule  electronic  total  aoaent  energy  levels  of  3S  state 

of  0i  aolecule 


As  shown  in  Fig. 4,  the  electronic  total  Boaent  of  aoient  of  the  aolecule  J  is  the 
vectorial  suaaation  of  its  total  orbital  aoaent  of  aoaentua  N  and  total  self-spin 
aoaent  of  aoaentua  S.  According  to  the  vectorial  suaaaton  principle  in  quantua 

aechanics,  J»(i+S,  N+S-1,  . ,  N-S.  Because  each  unpaired  electron  has  self-spin 

quantua  nuaber  SI»S2=1/2,  the  two  electrons  spinning  in  the  saae  dirction  have 
quantua  aeaber  of  total  self-spin  aoaent  of  aoaentua  S<'S1'eS23l,  therefore  N, 
N-l.  That  aeans  that  each  given  energy  level  N  will  split  into  three  sublevels  as 
shown  in  Fig.S.  Their  spectua  teras  are  as  follows: 


F,  (N)=BN(N>t)  +  <2NO>B-X -I(2N^3)*B»>X  (N+l)  (13) 

Fj<N)«BN(N*l)  (14) 

F,(N)=BN(N*1)-(2N-1>B-X  -1{2N^1)*B**X  *-2XBI  ■''^-Y  N  (15) 

Where  both  X  and  Y  are  conatants,  X=I985  ca,  y  “-0.008  ca,  Bsh/(8I),  and  stands 
for  the  aoaent  of  inertia. 

Let  AJ  =  ±I,  AN=0,  we  get  two  series  of  absorption  spectrua  lines: 

v.(N)=F,-F,=-(2N+3)B+X -Y  (N*l ) ♦  [ (2Nf3)  *B**X  *-2 X  B) ' (16) 

V.  (H)=F,-Fj»{2N-I)B*X  ♦Y  N- I  (2N- 1 )  »B’ X  *-2  X  B| ' ''*  (17) 

When  these  transitions  occur,  the  rotational  states  and  vibrational  states  do  not 
change,  so  these  spectrua  lines  can  only  called  as  electron  self-spin  reorientation 
spectrua  lines. Besides,  according  to  spectrua  theory  and  syaaetry  of  rotational 


energy  levels,  it  can  be  proved  that  the  0>  aolecule  has  only  energy  levels  whose 
N-odd  nuaber. 


2.  Nuaerical  solution  and  coaparision  with  aeasured  result. 

Froa  structral  and  physical  paraaeters  of  aolecule,  we  have  B=l. 43777  ca.  Besed  on 
(15)and  06),  the  coaputer  provides  the  following: 


N 

V-  (N) 

v.(N) 

1 

2.8671 

1.8767 

3 

2.3672 

1.9490 

5 

2.1643 

1.9870 

7 

1.9726 

2.0150 

9 

1.9446 

2.0386 

It 

1.920 

2.060 

13 

1.900 

2.080 

15 

1 .880 

2.099 

17 

1 .860 

2.118 

19 

1 .842 

2.137 

Observation  of  the  nuaerical 
wavelength  X=I/v  =  5  aa.  That 
peak.  This  peak  alaost  is  the 
of  O2  (see  Fig. 2).  Therefore 

analytical  aethod  used  here  are 


Fig. 6  N  dependences  of  v.  (-N') 

that  both  two  spectrua  lines  lies  around 
this  wavelength  should  be  a  absorption 
in  aeasured  ataospheric  attenuation  curve 
.^e  expected  that  the  physical  aodel  and 
for  other  kinds  of  nonpolar  aolecules. 


solution  shows 
indicates  that 
saae  as  that 
it  can 
suitable 
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Far  IR  transmission  spectra  of  YBajCUjOy.j  thin  films 


A.  HADNI,  X.  GERDAUX. 

Laboratoite  Infrarouge  Lointain,  Laboraloire  de  Miniraiogie.  Cristailo- 
graphie  et  Physique  Infrarouge,  URA  CNRS  809,  Universil6  de  Nancy  I 

B. P.  239  F'54306  Vandoeuvre-les-Nancy.  France. 


It  is  shown  that  tratismission  measurements  of  the  normal  phase  in 
the  Far  IR  (FIR),  0  ^-.  v  <  120  cm*'),  lead  directly  to  plasma  frequency 
Vp  if  d.c.  conductivities  measurements  are  available.  It  is  found  that 
is  a  constant  in  the  normal  phase  to  within  experimental  errors,  and 
since  d.c.  resistivity  appears  as  a  linear  function  of  temperature,  collision 
frequency  is  also  a  linear  function.  For  one  sample  (3),  »  4300 

cm"'  and  u  -  1.07  T  +  27  cm*',  with  V*  -  - - - — ~ 

At  higher  frequencies,  i.e.  beyond  120  cm*‘  and  still  in  the 
normal  phase  ,  transmission  decreases,  while  it  should  increase  with  fre¬ 
quency  in  the  assumption  of  a  simple  Drude  model.  To  explain  that 
decrease,  and  also  the  small  value  observed  for  the  transmission  in  the 
near  IR  (e.g.  10%  at  4000  cm*'  for  the  MgO  plate  coated  with  a 
to0  M  YBaCuO  film),  a  strong  highly  damped  oscillator  has  to  be  assumed  in 
the  Mid  IR.  The  most  simple  model  is  made  of  one  overdamped  oscilla¬ 
tor  centered  at  ■  360  cm*'  where  neutrons  diffraction  (/^)  has  reve- 
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aicd  a  broad  peak  in  the  phonons  density  of  state.  The  quite  unusual 
strength  and  damping  necessary  to  fit  the  experimental  data  is  not  yet 
understood  but  should  come  from  the  high  density  of  carriers  in  the  ab 
plane. 

For  the  superconductive  phase  at  7  K.  the  FIR  transmission  data 
(e  g.  1%  transmission  at  «/  -  20  cm'*  for  the  MgO  plate  coated  with  one 
superconductive  film,  increasing  with  frequency),  can  be  roughly  retri¬ 
eved  by  keeping  the  same  plasma  frequency  found  in  the  normal  slate 
(eg.  »  4300  cm'*),  and  putting  »  0.  In  fact,  the  observed 

transniission  is  higher  than  calculated,  depends  on  the  quality  of  the 
sample,  and  suggests  a  two-phases  composition. 

Some  of  these  conclusions  (2,  3)  are  close  to  those  of  Fiory  el  a) 
obtained  by  a  quite  different  method  (14). 
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ABSORPTION  PROPERTIES  OF  PURE  WATER  VAPOR 
AT  297,  343,  412  AND  460  GHZ 

N.  I.  Furashrv  and  V.  Yu.  Katkov 
Radiophysical  Research  Institute 
Lyadov  Str.  25/14,  Nizhny  Novgorod,  Russia 

The  nature  of  the  infrared  and  microwave  absorption  by  water 
vapor  in  the  transparency  windows  remains  still  not:  clearly 
understood.  Partially,  this  is  due  to  the  lack  of  experimental 
information  needed.  As  for  the  existing  experimental  data  on 
pure  water  vapor  absorption  properties  in  the  near  millimeter 
wave  region,  they  are  incomplete  and  contradictory  (see,  for 
example  [2]. 

In  the  present  study,  the  dependence  of  the  pure  water  vapor 
absorption  coefficient  on  the  pressure  and  temperature  has  been 
determined  at  frequencies  of  297,  343,  412  and  460  GHz,  which 

corresponds  to  the  window  regions.  The  experiments  were 
performed  using  a  multitransverse  absorption  cell  of  2.5  -  m  base 
length,  a  backward  wave  oscillator  and  pneumatic  detector  of  the 
Golay  type.  In  measurements,  the  path  length  of  the  cell  was  140 
m,  the  cell  temperature  and  pressure  were  varied  from  285  to  350K 
and  from  0  to  30  Torr  (r.h.  <  90%) ,  respectively. 

In  agreement  with  the  theory  of  H2O  spectral  line 
broadening,  the  absorption  measured  with  an  accuracy  of  ±  0.1  to 
±  0.3  dB  km~^  is  proportional  to  the  pressure  squared.  At  the 
same  time,  the  normalized  absorption  coefficients  7  (in  dB  km~ 
^Torr”^)  deduced  from  the  pressure  dependencies  with  inns  errors 
of  6,4,5  and  3%  at  297,  343,  412  and  460  GHz,  respectively,  are 
significantly  higher  (up  to  7  tiroes  at  297  GHz)  than  those 
predicted  by  the  kinetic  line  shape.  Besides,  the  absorption 
decreases  more  rapidly  with  the  increase  in  temperature  T  than 
the  theory  predicts.  In  addition,  its  temperature  dependence 
differs  noticeably  from  the  power  law  and  can  be  reproduced 
within  the  above  uncertainties  by  a  sum  of  two  power-law 
functions: 


7  =  7  3^(300/T)"^  +  72(300/T)"2  . 
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since  this  relationship  is  not  pronounced  so  that  all  four  of  its 
parameters  could  be  determined  independently,  the  experimental 
data  fit  is  made  under  the  assumption  that  the  parameter  n^^  has 
the  theoretical  value.  By  assuming  this,  we  suppose  that  any 
rate  the  wings  of  the  nearest  H2O  lines  depend  on  the  temperature 
in  approximate  accordance  with  the  prediction.  The  results 
obtained  from  the  least-squares  fit  to  the  data  are  given  in  the 
Table  as  compared  with  the  theory. 


Frequency 

297 

343 

412 

460 

Theory 

T'l 

0.0025 

0.0054 

0.0108 

0.0305 

"1 

3.7 

3.5 

3.6 

3.3 

Experiment 

^1 

0.0065 

0.0077 

0.0164 

0.0310 

^2 

0.00645 

0.0121 

0.0133 

0.0224 

^2 

14.1 

10.9 

11.6 

10.2 

It  is 

seen  from  the  Table  that  the 

experimental  values  of 

are  systematically  higher 

than  the  calculated  ones. 

Therefore, 

apart  from  the 

nature 

of  a  strong 

temperature 

dependent 

absorption 

1 6  2rxn  f 

the  kinetic  line  shape 

is  not  correct 

.  In  this 

connection 

it  should  be 

noted  that  in 

spite  of  the 

generally 

accepted  standpoint  the  quadratic  over  humidity  components  of  the 
atmospheric  absorption  coefficients  at  343  and  412  GHz  obtained 
by  us  earlier  at  306K  [2]  are  not  equal  to  the  normalized  pure 
water  vapor  absorption  coefficients  corresponding  to  the  same 
frequencies  and  temperature;  the  former  are  about  1.5  times  less 
than  the  latter.  Moreover,  preliminary  results  of  another  study 
indicated  that  the  wings  of  the  380  GHz  pure  water  vapor  line  are 
not  described  by  the  kinetic  line-shape  (as  well  as  by  Lorentz 
and  Van  Vleck-Weisskopf  formulas)  indeed. 

Thus,  some  disparities  have  been  found  between  the  classical 
theory  of  molecular  absorption  by  water  vapor  and  the  experiments 
which  are  unambiguously  associated  with  inaccuracies  of  classical 
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line  shapes  beyond  the  line  core.  However,  the  principal 
question  of  a  strong  temperature  dependent  absorption  term 
attributed  to  the  far  H2O  line  wings  or  not  cannot  be  yet 
answered . 
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APPLICATION  OF  IR  AND  FIR  RADIATION  IN  HIGH 
MAGNETIC  FIELD  SPECTROSCOPY 

N.  Miata 

Institute  for  Solid  State  Physics,  University  of  Tokyo, 

Roppongi,  Minato-ku,  Tokyo  106,  Japan 

The  IR  and  FIR  laaer  magnetospectroscopy  in  high  magnetic  fields  is  a  powerful 
means  for  solid  state  physics.  Tuning  the  magnetic  energy  levels  in  substances  by 
magnetic  fields  with  the  incident  photon  energy,  we  can  observe  resonant  struc¬ 
tures  in  the  spectra  arising  from  electronic  transitions  such  as  cyclotron  resonance 
or  impurity  transitions.  In  high  magnetic  fields,  the  energy  of  the  cyclotron  mo¬ 
tion,  huc  —  heB/m'  (B  is  the  magnetic  fiux  density,  and  m*  is  the  effective  mass) 
becomes  very  luge,  and  hence  high  resolution  measurements  become  possible.  The 
cyclotron  resonance  becomes  observable  even  in  very  low  mobility  semiconductors, 
since  the  condition  u/cT  >  1  is  easily  satisfied.  Moreover,  as  exceeds  various 
excitation  energies  in  solids,  a  variety  of  new  phenomena  ate  expected  to  occur  in 
very  lugh  magnetic  fields.  On  the  other  hand,  the  radius  of  the  cyclotron  orbit, 
I  =  \JK/7b  becomes  very  small  with  increasing  fields,  and  it  can  be  reduced  to  a 
size  even  comparable  with  the  lattice  constant  in  sufficiently  high  magnetic  fields. 
We  can  expect  that  the  effect  of  the  reduction  of  the  wavefunction  extension  also 
gives  rise  to  new  phenomena. 

The  recent  progress  of  pulse  magnet  technology  has  enabled  us  to  measure  the 
infrared  magneto-optical  spectra  up  to  very  high  magnetic  fields.  At  ISSP,  we  have 
developed  severjd  techniques  for  generating  ultra-high  magnetic  fields.  We  can  gener¬ 
ate  ultra-high  fields  up  to  450T  by  the  electromagnetic  flux-compression  technique, 
up  to  about  200T  without  destroying  samples  by  the  single-turn  coil  technique, 
and  long  non-destructive  p'llse  fields  up  to  about  SOT  by  the  conventional  type  of 
solenoid  pulse  mangets[l]-  These  magnetic  fields  have  been  successfully  employed 
for  investigating  cyclotron  resonance  and  impurity  spectroscopy  in  semiconductors, 
high  field  spectroscopy  of  high  Tc  superconductors,  etc.  by  combining  the  fields  with 
molecular  gas  lasers  at  infrared  and  fa^infrared  wavelength  r2Lnge.  In  this  paper,  we 
report  the  latest  results  on  the  cyclotron  resonance  in  low  mobility  semiconductors, 
such  as  diamond,  SiC  and  AlAs,  as  well  as  the  anomalous  temperature  dependence 
of  the  effective  mass  and  the  new  type  of  combined  resonance  in  Pb-compounds. 

Figure  1  shows  a  typical  example  of  the  experimental  traces  of  the  magnetic 
field  pulse  and  the  cyclotron  resonance  signals  in  n-type  3C-SiC  at  a  wavelength 
of  119/im  from  an  HjO  laser.  The  magnetic  field  produced  by  the  single-turn  coil 
technique  reaches  150T  at  its  maximum,  and  has  the  same  magnitude  twice  on  the 
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increasing  and  decreasing  slopes.  For  Bji<  100  >  axis,  two  resonance  peaks  are 
observed  on  both  the  slopes,  corresponding  to  the  light  mass  amd  heavy  mass  val¬ 
leys  at  the  X-points.  Although  the  duration  of  the  field  pulse  is  very  short,  of  the 
order  of  5ps,  we  can  obtain  accurate  absorption  curves  by  using  a  very  fast  detector 
of  doped  Ge  cooled  to  Uquid  He  temperatures.  For  the  shorter  wavelengths  from  a 
CO2  laser  and  a  CO  laser,  a  photovoltaic  HgCdTe  detector  was  employed.  Investi¬ 
gating  the  resonance  fields  at  various  wavelengths  as  shown  in  Fig.  2,  we  found  that 
the  conduction  band  of  3C-SiC  is  very  parabolic  up  to  53.8meV  showing  no  sign  of 
the  Ccunel’s  back  structure  which  has  been  observed  in  GaP.  A  number  of  impurity 
transitions  were  also  observed  at  low  temperatures  below  lOOK  for  different  wave¬ 
lengths.  We  found  that  the  lines  axe  from  three  different  kinds  of  donor  levels  which 
have  different  binding  energies.  In  p-type  SiC,  cyclotron  resonance  was  observed 
corresponding  to  the  effective  mass  of  0.45mo- 

Semiconducting  diamond  as  well  as  SiC  has  been  considered  to  be  a  promising 
material  for  future  devices  operating  at  rather  high  temperatures.  In  Ilb-diamond, 
classical  cyclotron  resonance  abosorption  peaks  were  observed  corresponding  to  the 
heavy  hole(m^),  light  hole(mp  and  the  spin-orbit-spbt-off(m*^)  bands  for  the  field 
directions  parallel  to  the  <  100  >,  <  110  >,  and  <  111  >  axes,  for  the  wavelengths 
between  28pm  and  119pm.  It  should  be  noted  that  the  hole  resonance  in  the  split 
off  band  is  observed  with  a  comparable  intensity  in  high  energy  reinge  due  to  the 
very  small  spin-orbit  splitting  (~6meV).  Figure  3(a)  shows  the  cyclotron  resonance 
for  three  different  field  directions  at  A=  119pm,  and  Fig.  3(b)  shows  the  resonance 
for  three  different  wavelengths.  The  resonances  of  thermally  excited  carriers  were 
observed  only  at  relatively  high  temperatures  above  about  280K.  Owing  to  the  high 
magnetic  fields,  well-defined  peaks  were  obtained  in  spite  of  low  mobilities  at  high 
temperatures.  Some  of  the  peaks  were  observed  in  the  electron-active  circular  po- 
larfration  indicating  negative  masses  of  holes.  We  found  that  the  effective  masses 
were  very  different  from  those  obtained  by  Rauch[2]  at  lower  magnetic  fields  and  low 
temperatures.  The  7-parametets  were  determined  analyzing  the  data  on  the  basis 
of  a  set  of  the  3x3  Luttinger-Kohn  Hamiltonimi.  We  found  that  the  effective  mass 
of  light  holes  and  heavy  holes  are  negative  in  some  directions.  This  arises  from  the 
strong  mixture  of  the  heavy  and  light  hole  bands  with  the  split-off  hole  band  which 
is  located  very  close  to  the  two  bands.  It  is  interesting  to  note  that  the  Landau  level 
structure  of  the  valence  band  in  diamond  is  very  different  from  those  of  Ge  and  Si 
which  are  well  known,  due  to  the  very  small  spin-orbit  splitting. 

AlAs  is  an  important  material  as  barrier  layers  for  GaAs-AlAs  quantum  wells 
or  superlattices,  but  the  details  of  the  band  structure  has  not  been  well  known  be¬ 
cause  of  its  low  mobility.  In  n-type  AlAs,  the  cyclotron  resonance  was  observed 
corresponding  to  the  effective  mass  of  o.47mo  ai  a  photon  energy  of  10.4meV[3].  No 
resonance  peak  was  observed  at  a  field  corresponding  to  the  mass  of  about  l.lmo 
which  has  been  observed  in  2D  samples  at  lower  fields.  This  suggests  the  existence 
of  the  camel’s  back  structure  near  the  X-point.  However,  there  is  also  a  possibility 
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that  the  observed  mass  of  0.47nio  correspoods  to  the  heavy  mass. 


Pb-chalchogenides  have  been  known  to  be  narrow  gap  semiconductors,  and  to 
have  large  temperature  dependence  of  the  band  gap.  They  are  of  interest  from  a 
viewpcant  of  the  structural  phase  transition,  since  PbGeTe  or  PbSnTe  solid  solutions 
show  a  transition  from  the  cubic  to  the  rhombohedral  phase  at  some  temperatures. 
In  sufficiently  high  magnetic  fields  we  can  expect  to  observe  the  phase  transition  in 
PbTe  which  does  not  show  any  phase  transition  at  finite  temperatures.  In  PbSe  and 
PbTe,  anomalously  large  change  of  the  effective  mass  with  temperature  has  been 
observed  by  measurements  in  a  wide  temperature  range.  The  large  change  cannot 
be  explained  by  simply  taking  2bccount  of  the  temperature  change  of  the  band  gap 
within  the  framework  of  the  k  •  p  theory.  This  suggests  that  there  are  some  factors 
other  than  the  band  gap  which  determines  the  temperature  dependence  of  the  ef- 
fective  mass[4].  This  was  examined  also  by  a  comparison  between  PbTe  and  PbSe 
and  by  a  measurement  in  Mn-doped  PbSe  samples  in  which  the  band  gap  can  be 
varied  by  the  Mn  concentration.  Figure  4  shows  typical  examples  of  the  cyclotron 
resonance  curves  in  p-type  PbTe  samples  at  COj  laser  wavelengths.  An  anomalous 
absorption  peak  (indicated  by  ’X’  in  the  figure)  was  observed,  and  this  peak  was 
found  to  change  the  relative  intensity  to  the  heavy  mass  peak  (denoted  as  ’H’)  with 
changing  wavelength  and  temperature.  The  anomalous  peak  was  assigned  as  the 
combined  resonance  involving  the  spin-flip.  This  combined  resonance  becomes  eJ- 
lowed  due  to  the  large  inter-spin  level  matrix  elements  in  the  k-p  Hamiltonian,  and 
the  crossing  of  the  two  Landau  levels  with  opposite  spins.  It  is  the  first  combined 
resonance  which  has  ever  been  observed  in  the  Faraday  configuration. 
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Fig.  1  Recorder  traces  of  the  magnetic  field 
pulse  produced  by  the  single-turn  coil  tech¬ 
nique  and  the  cyclotron  resonance  in  n-type 
3C-SiC  at  a  wavelength  of  119/Lim. 
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Fig.  3  (a) (left)  Cyclotron  resonance  curves 
in  p-type  diamond  at  119/xm  for  three  dif¬ 
ferent  field  directions.  (b)(tight)  Cyclotron 
resonance  at  various  wavelengths. 


Fig.  2  Cyclotron  resonance  curves  in  n-type 
3C-SiC  for  different  wavelengths. 
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Fig.  4  Cyclotron  resonance  in  p-type  PbTe 
at  different  wavelengths. 
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EXPERIMENTAL  STUDY  OF  FOUR-SUBLATTICE  ANTIFERROMAGNET  CuCl^J«2H^0 

RESOHANCE  PROPERTIES 

V.V.  Eremenko ,  S.  A. Zvyagin,  V.  V.  Pishko,  Yu.  G.  Pashkevich,  V.  V.Shakhov 

In  the  present  paper  anti ferromagnetic  resonance  CAFMR)  in 
four-sublattice  rhonijic  antiferromagnet  CuCl^i<2H^0  for  different 
orientations  of  an  external  magnetic  field  is  studied 
experimentally.  The  comparison  of  experimental  results  with 

calculations  of  dynamic  susceptibility  for  different  magnetically 
ordered  phases  as  well  as  studying  the  exchange  mode  CEM3  and 
acoustic  mode  (AH)  interactions  are  perfomed. 

Measurements  were  performed  using  a  submillimeter  transmitting 
radiospectrometer.  The  spectrum  was  scanned  by  a  pulsed  magnetic 
field.  Backward-wave  tubes  served  as  microwave  sources  and  a  n-InSb 
crystal  cooled  up  to  the  liquid  helium  temperature  served  as  a 
detector.  The  experimental  temperature  was  1.8  K. 


Fig.l 

1.  To  align  an  external  magnetic  field  parallel  to  the  crystal 
b-axis,  the  field-frequency  dependence  CFFD)  of  AM  and  EM 
(see  notations  in  ref.  (ID  absoption  is  presented  in  Fig.l  by  white 
dots.  Theory  tl]  predicted  EM  aproaching  to  AM  with  magnetic 

field  rising.  Experimentally  that  mode  was  not  observed.  For 
interpretation  of  the  experimental  result,  let  us  estimate 
high-frequency  CHF)  susceptibility  of  four-sublattice  rhombic 
CuCl  «2H  0  and  apply  the  method  described  in  Cl,2].  For  the  F 


phase  the  high-frequency  susceptibility  as  a  frequency  Cu) 
function  can  be  defined  as  follows 
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where  -  is  the  ion  spin,  E^  -  the  intralayer  ferromagnetic 
exchange,  E^  -  the  interlayer  antiferromagnetic  exchange,  D  -  the 
Dzyaloshinsky-Moriya  interaction  constant,  -  the  Bohr  magneton, 
g  -  the  g-f actor,  E^sE^+E^,  -  the  unit  cell  volume,  j3*Hy/E^  , 

-  the  external  magnetic  field  parallel  to  the  y-axis.  For  z  the 
residue  is  seen  to  be  anomalously  small  in  the  entire  fieTd 
region.  Therefore  the  EM  absorption  intensity  with  is  low 

everyvrtiere.  For  EM  w  X.  ^ich  defines  the  experimental 

polarization  of  that  mode  :  the  magnetic  microwave  field 
component  h^^lla. 

2.  Fifure  1  gives  also  the  field-frequency  AFMR  dependence 

Cdark  dots)  of  CuCl^*2H^0  in  a  magnetic  field  applied  in  the 
ab-plane  at  the  angle  to  the  a-axis.  It  should  be  noted 

that  in  this  case  the  absorption  line  intensity  is  comparable  with 
that  of  (0  at  Hilb. 

2487 

3.  If  an  external  magnetic  field  is  oriented  parallel  to  the 

crystal  c-axis,  the  magnetically  ordered  phase  with  and 

u  exchange  modes  is  realized.  -Jife  have  calculated  high-frequency 
susceptibility  of  those  modes.  For  X^^  is  small  for  the  whole 
field  region  and  the  EM  absorption  intensity  with  «  is 
extremely  small. 

H  «H  sCE^wE,)*''*  where  H  is  the  field  of 
intersection  of  EM  and  AM  FFD,  Xj^j^»Xyy»  so  ^.hat  the  excitation  of 
EM  «  ...  should  be  observed  at  h„lla. 
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At  H  %  H.  HF  susceptibility  can  be  written  down  as 

Z  ■ 


cgPfe)*  «; 


as«a 

•M 


aw 


ftV  «*-<«*•••)* 

o  #■ 


The  above  calculation  of  EM  showed  only  a  slight  slope 

of  its  FFD  Cthe  resonance  frequency  softening  is  0.4  an'*  in  a 
magnetic  field  of  5  TD.  It  makes  inqxsssible  to  observe  the  EM 
corresponding  absorption  line  while  scanning  the  spectrum  by  a 
magnetic  field.  That  result  is  confirmed  by  the  absence  of  sample 
"bleaching”  at  8.4  cm"*  for  EM 

The  synsnetry  analysis  gives  evidence  about  the  interaction 

between  to _ EM  and  AM  \id\ich  can  occur  and  should  be  accompanied 

with  an  intensity  rising  of  EM  while  approaching  AM  C as  well  as  at 
Hflal  and  deformation  of  AM  FFD.  We  have  studied  in  detail  the 
assumed  interaction  region,  however,  the  above  features  have  not 
bem  detected. 


4.  Figure  2  presents  AFF®  FFD  in  CuCl^»€H^0  for  an  external 
magnetic  field  HUa.  An  accuracy  of  the  sample  orientation  in  a 
magnetic  field  is  ±3'.  The  absorption  spectrogram  at  9.1  cm"*  is 
shown  in  Fig.  3.  Peculiarities  of  an  absorption  signal  in  the 
Intermediate  state  are  described  in  detail  elsewhere  [31. 

In  the  zero  field  resonance  freqiwncies  for  the  upper  and 
lower  EM  proved  to  be  equal  to  8. 45  cm"*  and  8. 4  cm"* , 
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respectively.  The  absorption  contour  along  the  frequency  axis  was 
restored  using  sample  "bleaching"  in  an  external  magnetic  field 
near  8. 4  cm“‘  with  the  step  of  0. 03  cb"‘  . 

In  a  magnetic  field  of  about  7  T  the  interaction  between  EM 


and  AM  was  observed  upon  their  approaching  each  other  accompanied 
with  the  typical  intensity  transfer  from  a  stronger  AM  to  a  weaker 
EM  and  their  FFD  splitting. 

The  anisotropic  exchange  interaction  constant  D,  being  the 
"coupling  parameter"  of  EM  and  All,  was  obtained  from  the  least 
difference  of  interaction  mode  frequencies  in  the  vicinity  of  the 
interaction  field.  As  a  result,  the  tangent  of  sublattice 
magnetization  canting  angle  in  the  zero  field  was  defined  to  be 
tga=0. 07.  The  a  angle  value  is  in  a  good  agreement  with  the  data 
obtained  in  [4]  by  nuclear  magnetic  resonance. 
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e-beam  ionizbr-sustaiker  laser  on 

ROTATIONAL  TRANSITIONS  OF  MOLECULES 

E.Ya. Kogan,  N.E.Moievich 
Pedagogical  Institute,  Samara,  Russia 

Pure  rotational  lasers  can  work  in  IR  and  FIR  spectral  range.  To 
create  the  power  pure  rotational  laser  it  is  necessary  to  overcome 
the  rapid  rotational  relaxation  (RRT).  In  [1]  it  has  been  suggested 
to  use  for  the  pumping  of  the  rotational  laser  the  excitation  of 
vibrational  levels  and  the  intramolecular  vibration  to  rotational 
(VRT)  energy  transfer.  For  the  diatomic  molecule  the  last  mechanism 
of  vibrational  ralaxation  has  been  in  detail  discussed  in  review 
[2].  The  peculiarity  of  VRT-relaxation  as  compared  with 
VT-relaxation  is  the  resonant  transfer  of  the  molecular  vibrational 
energy  to  Its  high  excited  rotational  states  and  only  then  to 
translation  energy  by  RRT<>channel .  Such  way  of  the  relaxation  is 
possible  for  the  hydrogenous  diatonic  molecules,  e.g.,  hydrogen 
halides  and  for  the  certain  polyatomic  molecules.  In  TOlecule  HF  at 
VRT-relaxation  of  level  with  vibration  quantum  number  V>*1  can  be 
excited  rotational  levels  with  quantum  number  J>13,  at  relaxation  of 
V-5  -  level  can  be  excited  even  rotations  with  Ji30.  Taking  into 
account  the  comparatively  slow  rate  of  high  rotational  states 
relaxation,  under  the  certain  conditions  such  excitation  made  "over" 
can  lead  to  the  appearance  of  the  rotational  population  inversion. 
The  similar  effect  has  been  observed  during  the  chemical  reactions 
with  the  creation  of  the  high  vibration  excited  HF-,  0H-,  0D-,  HH- 

molecules  [3,4]  and  their  generation  on  pure  rotational  transitions. 

In  [5]  the  high  power  pure  rotational  gasdynamic  laser  due  to 
vibrational  excitation  of  HF-H^  mixture  has  been  investigated.  In 
[6]  we  suggested  to  use  the  vibrational  excitation  of  molecules  in 
e^^beam  ionizer-sustainer  discharge  for  the  generation  in  FIR 
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spectral  range.  In  the  present  work  we  in  tJetail  investigate  the 
similar  discharge  in  a  HF-Hj^-Ar  mixture. 

The  important  peculiarity  of  HF-discharge  is  the  different 
ranges  of  the  effective  vibrational  excitation  of  HF  by  the 
electron-molecule  collision  (electron  energy  U-^IV)  and  electron 
attachment  (U>2,5V).  Therefpre  it  is  possible  to  use  the  mixtures 
with  the  relatively  great  fraction  of  HF-molecules  (  1%)  and  to 
inject  a  large  power  in  the  internal  molecular  states  by  the  e-beam 
discharge. 

The  stability  of  such  discharge  in  mixtures  HF-H, -Ar  (pressure 
P^iatm)  has  been  experimentally  verified  in  [7,8],  where  the  e-beam 
ionized-sustainer  laser  on  the  vibrationally  rotational  transitions 
of  HF  was  investigated  at  constant  eiectric  field  E/N'IO  -10 
V  cm^  .The  generation  in  the  range  A=2,7-3y(/m  has  been  obtained.  But 
the  windows  were  not  transparent  for  the  radiation  with^  >9^ra.  Thus 
it  was  not  investigated  the  possibility  of  the  longwave  radiation 
from  pure  rotational  transitions.  However  in  [7]  the  laser  worked  on 
many  lines  of  each  vibrational  band  (V=l-3)  simultaneously  and  it 
indirectly  testified  the  rotational  non-equa librium  of  HF.  Energy 
output  of  laser  [8]  was  less  than  50^  J  (impulse  duration '£'=2 ,5^s) . 
In  the  reported'  spectrum  range  the  more  power  laser  already  existed 
and  such  e-beam  laser  on  the  vibration-rotation  transitions  of  HF 
did  not  pay  attention.  The  possibility  to  obtain  the  more  longwave 
generation  in  this  mixture  seems  be  more  attractive. 

We  has  been  conducted  the  numef'ical  modeling  of  the  discharge  in 
HF-H^-Ar  mixtures.  The  kinetic  model  describes  the  evolution  of  the 
25  rotational  levels  (J=0-24)  at  the  4  vibrational  states  (V=Q-3)  of 
HF  and  the  4  vibrational  states  of  H^  (without  rotational 
structure).  This  model  includes  VRT-,  VT-,  W-  and  RRT-relaxation, 
the  vibrational  pumping  by  the  electron-molecule  collisions,  which 
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is  averaged  with  the  hel;’>  of  the  electron  energy  distribution  f(U). 
It  includes  also  the  equation  for  the  gas  tenperature  and  Boltzmann 
non-stationary  equation  to  define  f(U).  The  last  equation  takes  into 
account  the  influence  of  the  constant  electric  field,  ionization, 
electron  attachment,  elastic  and  inelastic  electron-neutral 
collisions.  The  electron  energy  loss  at  the  rotational  excitation  of 
the  molecules  is  described  in  diffusion  approximation.  The  electron 
density  n^  can  be  obtained  by  equation 

ilS  =  <a  -  A'r  ^ 

where  Q  is  the  rate  of  electron-ion  pairs  creation  by  e-beam,  K^.., 
are  constants  of  the  recombination  and  attachment  averaged  with 
f(U),  respectively. 

This  model  permits  to  define  the  optimum  discharge  parameters 
and  the  laser  characteristics.  In  the  mixture  Ar:H^ :HF=100:10:0,5 
(P=lat),  ionized  by  a  beam  of  the  high  energy  electrons  (Us200kV, 
IsO,lA/cm  )  at  the  optimum  constant  electric  field  the  maximum 
inversion  of  population  has  been  obtained  on  the  transition  J=14  -* 
J=13  (&N»10  cm  ) .  It  is  known,  that  the  cross  section  for  the 
stimulated  rotational  emission  of  HF  is  about  two  orders  of 
magnetude  larger  than  for  the  vibrational  emission:  2  10  cm  . 

Hence,  such  population  inversion  results  in  a  high  gain  of  the 

active  medium  WJlO  cm'"^  ).  The  partial  inversion  of  the  vibrational 

n  IS  3  .  ^ 

levels  is  not  exceeded  10  -10  cm  .  Thus  gain,  corresponding  the 

emission  with /Is: 2 ,7-3 jdn  is  in  the  thousand  times  smaller  than  in 

the  longwave  range  CA'10“20^m).  The  estimated  power  of  the  such 

rotational  laser  is  P-t-  kW/cm  in  20  s-impulse.  The  experimental 

investigation  of  the  gain  on  the  rotational  transitions  can  confirm 

the  efficiency  of  VRT  relaxation  channel. 
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STUDY  OF  A  GUNN  OSCILLATOR  WORKABLE  IN  DUAL  BANDS 


Liu  Xinghua 

Dep.  of  Information  and  Electronics,  Zhejiang  University- 
Abstract 

An  oscillator  workable  in  both  Ku-  and  Ka-band  whichconsists  of 
only  a  single  Gunn  diode  is  described  in  this  paper. The  oscillator’s 
outout  power  is  greater  than  ISmw  in  the  fundamental  frequency  range 
from  17-20  GHz(Ku-band ) ,  and  exceeds  3mw  in  the  second  harmonic 
frequency  range  from  34-40  GHz ( Ka-band ) . 

INTRODUCTION 

The  Gunn  oscillator  is  one  of  the  most  important  solid-state 
millimeter-wave  source.lt  possesses  such  advantages  as  low  FM  noise 
and  a  wide  operating  frequency  range,  and  is,  therefore,  extensively 
used  in  millimeter-wave  systems  as  a  local  oscillator.  Useful  output 
powers  from  Gunn  diodes  have  been  observed  in  the  95-GHz  range,  as 
early  as  1975(1).  Since  then,  a  lot  of  work  has  been  done  in  theories 
and  experiments  to  extract  the  output  power  as  large  as  possible  at 
the  harmonic  from  Gunn  diodes.  In  1985,  John  E.  Carlstrom,  Richard  L. 
Plambeck  and  D.  D.  Thornton  reported  an  encouraging  experimental 
result  that  for  the  second  harmonic  Gunn  oscillator  with  a  continuous 
tuning  range  from  65-115  GHz  which  i.,  based  on  a  disk  and  post 
resonator  with  a  mechanically  adjustable  post  length,  its  output  power 
is  greater  t’  an  2mw,  and  exceeds  lOmw  from  80-102  GHz.  Of  late  years, 
a  good  many  research  works  for  this  field  have  also  been  made,  and  a 
howling  success  has  already  been  had  in  China, 

In  this  paper,  a  Gunn  oscillator  workable  in  both  Ku-  and 
Ka-band,  in  which  the  Ku-band  is  correspoding  to  the  fundamental  mode 
and  the  Ka-banu  corresponding  to  the  second  harmonic,  is  described. 
This  type  of  oscillator  has  the  advantages  of  making  full  use  of  its 
frequecy  spectrum  resources  and  being  able  to  work  in  the  desired 
higher  band  without  the  traditional  frequency  multiplier  circuit. 

DESIGN  AND  ANALYSIS  OF  CI^UIT 

An  equivalent  circuit  of  the  oscillator  is  shown  in  Fig.l.  The 
basic  theorem  of  this  oscillator  is  such  that  the  output  power  for 
fundamental  frequency  is  directly  coupled  out  from  the  fundamental 
cavity  resonator  known  as  a  master  resonator,  and  the  output  power  for 
the  second  harmonic,  which  is  generate^,  inside  the  master  cavity  due 
to  the  nonsinusoidal  characteristic  of  the  current  flowing  through  the 
diode,  can  be  coupled  out  through  a  particular  type  of  coupling 
assembly.  Such  an  assembly  must  simultaneously  have  the  two  functions 
as  follows:  1.  it  can  completely  trap  the  fundamental  energy  within 
che  master  cavity.  2.  the  second  harmonic  in  the  cavity  can  be  easily 
coupled  out  through  it.  The  simplest  method  to  accomplish  the  two 
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functions  is  to  use  a  section  of  waveguide  through  which  the 
fundamental  mode  can  not  propagate  but  the  second  harmonic  can.  This 
is  the  way  usually  adopted  to  extract  the  harmonic  power  from  the  Gunn 
diode  oscillator. 

From  the  above  theorem,  it  follows  that  the  master  cavity  is 
crucial  for  this  type  of  oscillator.  Whether  its  design  is  reasonable 
or  not  directly  determines  the  performances  of  the  oscillator.  In 
addition,  the  following  must  be  considered  in  design: 

1.  When  the  fundamental  and  the  second  hai  .nonic  energy  are 
coupled  out  from  the  master  cavity,  a  coupling  coefficient  should  be 
selected  to  be  such  a  value  that  the  output  power  may  be  coupled  out 
at  suitable  level,  whereas  the  coupling  should  bot  be  made  so  tight 
that  the  Q  value  of  master  cavity  heavily  decays,  resulting  in  an 
unstable  operation. 

2.  Gunn  diode  is  a  low-impedance  one,  so  that  reduced-height 
waveguide  mounts  have  to  be  used  in  order  to  achieve  a  better 
impedance  match  to  the  low-impedance  diode. 

3.  The  bias  choke  in  this  oscillator  should  work  normally  over 
both  the  fundamental  and  harmonic  frequency  bands  simultaneously.  Any 
RF  signal  leakage  from  the  oscillator  bias  choke  shouldn’t  apear  in 
both  frequency  bands . 

4.  The  mechanical  tuning  must  be  continuous  without  any  frequency 
and  power  Jumps  in  both  frequency  bands. 

Based  on  the  above  considerations,  many  experiments  on  the 
fundamental  cavity  have  been  carried  out  first,  and  the  experimental 
results  are  illustrated  in  Fig. 2.  This  clearly  indicates  that 
resonance  frequencies  for  full  height  waveguide  cavity  are  almost 
independent  of  the  plunger  positions.  This  is  due  to  the  effect  of  the 
coaxial  mode  with  the  mounting  post  as  the  center  conductor  and  the 
top  and  bottom  waveguide  walls  as  end  planes  rather  than  that  of  the 
waveguide  mode  designed  primarily,  so  that  its  resonance  frequency  is 
mainly  determined  by  the  waveguide  height  and  is  independent  of  the 
length  of  the  waveguide  cavity.  At  first  the  oscillator  frequency 
increases  as  waveguide  height  is  reduced,  but  when  the  height  is 
reduced  to  some  level ,  the  tuning  plunger  starts  to  play  an  important 
role,  or  the  frequency  of  oscillation  could  vary  with  different 
positions  of  the  plunger.  At  this  time  the  coaxial  oscillating  mode  is 
replaced  by  the  waveguide  oscillating  mode  in  the  resonator.  Also,  it 
has  been  found  from  our  experiments  that  as  the  waveguide  height  is 
continuously  reduced,  the  range  of  tuning  frequency  will  be  gradually 
expanded,  but  a  further  reduction  of  height  will  not  result  in  an 
evident  expasion  of  the  frequency  range.  According  to  these 
experimental  results  obtained  above,  we  choose  h=b/2=4mm  as  the  height 
of  fundamental  cavity  so  that  the  oscillator  has  a  wider  frequency 
range  of  mechanical  tuning  and  could  porvide  a  better  impedance-match 
to  Gunn  diode. 

After  the  fundamental  resonator  is  determined,  the  next  step  is 
how  to  take  out  the  fundamental!  and  second  harmonic  from  it 
separately,  and  meanwhile,  the  fundamental  mode  in  master  cavity  will 
not  be  disturbed  in  the  one  hand  and  there  is  not  any  coupling  between 
them  at  the  output  in  other  hand. In  our  practically  used  circuits,  in 
order  to  make  the  configuration  of  oscillator  not  so  complicated  to 
machine,  we  made  use  of  two  mutually  perpendicular  sections  of  tapered 
waveguides  to  connect  them  to  Ku-and  Ka-band  standard  waveguides  and 
to  output  the  fundmental  and  second  harmonic  powers,  respectively.  The 
bias  choke  circuit  in  (2)  by  a  increased  scale  is  transplanted  in  our 


414  • 


oscillator.  The  configuration  of  experiaental  circuit  is  shown  in 
Fig. 3,  where  l-fundaaental  cavity,  2-Gunn  diode,  3-fundaaental  tapered 
waveguide  section,  4-second  harnonic  tapered  waveguide  section, 
6-frequency  tuning  plunger. 

■  THE  RESULTS  OF  EXPERIMENTS 

The  results  of  experiments  for  the  Gunn  oscillator  are  shown  in 
Fig.  The  oscillator's  output  power  is  greater  than  15mw  in  the 
fundamental  frequency  range  from  17-20  GHz, and  exceeds  3mw  in  the 
second  harmonic  frequency  range  from  34-40  GHz. 

When  requiring  a  purer  frequency  spectrum,  We  can  insert  two 
bandpass  filters  corresponding  to  the  above  described  frequency  bands 
at  the  places  A  and  B  of  the  Gunn  oscillator  in  Fig.  3  so  as  to 
suppress  those  higher  harmonic  frequencies,  and  this  can  also  improve 
the  isolation  one  port  from  the  other. 

THE  PROSPECT  OF  APPLICATIONS 

Although  our  present  oscillator  circuit  is  used  for  the  purpose 
of  experiment,  it  may  be  exhibited  from  the  experimental  results  that 
the  oscillator  frequency  spectrum  resources  could  be  exploited  as 
fully  an  effectively  as  possible  by  this  type  cf  one  diode-multiband 
oscillator  circuit.  And  we  might  predict  that  it  would,  perhaps, 
provide  a  wide  prospect  of  applications  in  future  in  the  following 
fields: 

1.  This  type  of  oscillator  circuit  is,  surely,  an  effective  way  of 
expanding  the  bandwith  of  RF  source  without  much  additional  cost.  When 
applying  it  to  an  instrument,  PIN  modulation  circuits  can  be  placed  in 
waveduide  3  and  4  to  apply  modulation  signals. 

2.  If  a  varactor  is  mounted  neer  the  Gunn  diode  in  the  fundamental 
cavity,  an  electrical  tuning  oscillator  is  formed  which  can  meed  the 
needs  of  the  applications  for  communications  and  electronic  warfare. 

3.  A  high  stability  oscillavor  can  be  constructed  by  putting  a 
dielectric  resonator  into  the  fundamental  cavity,  or  by  placing  a  high 
Qinvar  cavity  near  the  fundamental  cavity, so  that  some  kind  of  mode  in 
invar  cavity  may  be  coupled  to  the  fundamental  cavity  so  that  some 
kind  of  mode  in  invar  caviuty  may  be  coupled  to  the  fundamental  cavily 
through  an  aperture. 

The  author  believes  that  this  type  of  oscillator  would,  of 
course,  be  applicable  to  many  other  fields  besides  those  as  already 
mentioned  above. 
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TUNING  PERFORMANCE  OF  Ka-BAND  RADIAL  LINE 
VARACTOR  CONTROLLED  OSCILLATORS 


Ni2ar  Sultan 

President,  Canadian  Space  &  Telecom  Inc.-  CSAT 
Orleans,  Ontario,  Canada 


ABSTRACT 

A  Gunn-varmor  Voltage  Controlled  Oscillator.  VCO,  proposed  earlier  by  Ondria,  using  cap 
or  disc  structures  separating  the  diodes  across  the  narrow  wall  of  a  waveguide,  is  analyzed 
theoretically  and  experimentally  at  Ka-band.  Almost  any  desired  bandwidth,  centre  frequency 
and  oscillation  power  can  be  tailored  to  the  requirements. 

Comparison  of  the  experimental  results  to  the  theory  shows  excellent  correlation.  This 
provides  a  design  tool  for  such  a  cost  cflfcctive  millimeter  wave  VCO  in  which  a  single  cavity 
with  replaceable  discs  and  diodes  can  provide  a  whole  range  of  VCO’s. 

1.  INTRODUCTION 

Some  satellite  and  electronic  warfare  applications  at  Ka-band,  26  to  40  GHz,  require  solid- 
state  oscillators  that  are  rugged,  cost  effective  and  fast  electronically  tunable  over  the 
maximum  possible  riming  bandwidth  possible. 

An  oscillator  mechanically  rimable  with  a  cap  or  disc  structure  across  a  waveguide  was  first 
proposed  by  Misawa  (ref.  1)  using  an  IMPATT  diode.  Later  on,  Ondria  achieved  oscillations 
with  a  similar  structure  but  with  a  Gunn  diode  as  the  source  (ref.  2).  He  then  added  a 
varactor  diode  on  the  other  side  of  the  disc  across  the  narrow  wall  of  the  waveguide,  as  in 
fig.l,  to  obtain  the  fast  wideband  electronically  tunable  Voltage  Controlled  Oscillator,  VCO. 

Both  Ondria  and  Solbach  et  al.  achieved  oscillations  experimentally  at  the  fundamental  and 
harmonic  frequencies  respeaively,  (refs.  3-5).  Later  on,  Sultan  developed  a  new  and  complete 
equivalent  circuit  and  so^are  that  can  theoretically  predict  the  complex  structure  VCO 
tuning  characteristics  to  high  accuracy.  This  paper  outlines  the  novel  concept  of  "double 
radial  line"  introduced  in  the  theory  and  provides  typical  experimental  results  and  some 
comparison  with  the  theory. 


2.  CAVITY  DESCRIPTION 

Fig.  2  below  shows  the  details  of  the  cavity  structure.  The  key  issue  that  made  the  theoretical 
analysis  possible  is  the  realization  that  such  a  complex  microwave  waveguide  structure 
contains  two  sets  of  interdependant  "double  radial  transmission  lines". 
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Fig.  2-  Radial  lines  structnres  used  to  derive  the  theoretical  analysis. 
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3.  PARAMETRIC  ANALYSIS 


The  theoretical  and  experimental  analysis  investigated  the  VCO  tuning  characteristics:  tuning  range, 
power  and  centre  frequency.  These  are  functionsof  many  parameters  such  as: 

varactor  bias,  varactor  characteristics,  Gunn  bias,  Gunn  caracteristics,  each  radial  line  disc  diameter, 
each  radial  line  disc  position,  the  sliding  short  circuit  distance,  eta 


4.  SELECTED  RESULTS 

Typical  tuning  response  of  such  a  VCO  is  shown  in  fig.  3a.  Tuning  ranges  of  3.7  GHz  and  powers  as 
hi^  as  60  mw  were  achieved  at  Ka-band.  The  theoretical  predictions  of  the  experimental  results 
were  demonstrated,  as  shown  in  fig3b.  In  some  cases,  the  effect  of  a  disc  displacement  by  a  few 
mils  only  can  be  predicted  with  sufficient  accuracy  and  was  found  to  have  a  critical  effect  on  the 
tuning  characteristics  of  the  VCO.  Fig.  3c  displays  the  effect  of  the  waveguide  cavity  sliding  short 
on  the  electronic  tuning  range. 
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Fig.  3  VCO  Tuning  performance:  a-  Typical  experimental  results,  b-  Comparison  of  theory  to 
experiments,  c-  Electronic  tuning  range  dependance  on  short  position. 
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5.  CONCLUSION 


The  recognition  that  such  a  VCO  structure  contains  double  radial  lines  is  the  key  issue  to  resolving 
theorically  the  analysis  of  this  waveguide  VCO.  Almost  any  desired  bandwidth,  centre  frequency 
and  oscillation  power  can  be  tailored  to  the  requirements.  Comparison  of  the  expwrinie.nial  results 
to  the  theory  shows  excellent  correlation.  This  provides  a  design  tool  for  such  a  cost  effective 
millimeter  wave  VCO  in  which  a  single  cavity  with  replaceable  discs  and  diodes  can  provide  a  whole 
range  of  VCO’s. 
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abstract 

A  series  of  millimeter — wave  high  stabili2ed  Gunn  oscillators  has  been  developed  using  the  construction  of 
transverse  rod  circuit  proper  to  this  laboratory.  This  paper  takes  the  U-'band  for  an  example  and  analyzes 
the  frequency  locked  principle  of  this  kind  of  the  cavity— stabilized  oscillators  by  the  numerical  method  of 
computer.  Using  this  construction  we  have  developed  several  U  —  band  high  stabilized  Gunn  osdllamrs 
(UHGO’s)  which  frequency  is  50.  30,  53.  74,  54.  96,  57.  95  and  58.  65  GHz,  respectively.  When  the 
embient  temperature  changes  in  the  range  from  —5“  to  +45*,  the  temperature  coefficient  of  these  UHGO’s 
is  in  the  range  of  10~*—  10~’/*C.  This  paper  also  shows  the  several  elements  which  cause  the  mode  of 
UHGO  to  jump  and  how  these  mode  jumps  are  avoided. 

I  .  INTRODUCTION 

UHGO  is  used  to  make  high  sensitivity  receiver  in  regions  of  secret  communication ,  meteorological  satellite, 
interstellar  communication,  etc. .  It’s  a  important  device.  .It  is  used  as  a  local  oscillator  in  front  end  of  the 
high  sensitivity  receiver.  Hence ,  it’s  quite  necessity  to  investigate  the  kind  of  applicable  and  key  devices. 
Up  to  the  present,  many  papers  reported  the  analysis  of  the  principle  of  the  cavity— stabilized  Gunn  oscilla¬ 
tor  and  the  experimental  results‘~‘.  Several  oscillating  circuits  of  those  Gunn  oscillators  are  all  the  longitu¬ 
dinal  rod  circuits,  but  yet  this  laboratory  used  own  proper  circuit,  i.  e.  transverse  rod  circuit.  The  advan¬ 
tages  of  the  transverse  rod  ciruit  are  being  tuned  easily ,  decreasing  the  machine  damage  and  possessing  good 
stabilization,  etc. .  Of  course,  the  design  of  this  kind  of  cavity— stabilized  oscillators  must  conforms  locked 
principle.  It  has  been  confirmed  by  numerical  calculations  (see  Section  I  ). 

The  measured  results  are  given  in  Section  I .  The  difficult  problem  about  the  mode  jump  of  UHGO  will  be 
mentioned  in  Section  IV . 

1  ,  STRUCTURE  DESIGN 

UHGO  consists  of  main  cavity,  stabilizing  invar  cavity  and  isolator  (sec  Fig.  1).  The  equivalent  circuit  is 
shown  in  Fig.  2.  Notice,  the  distance  1  between  the  Gunn  diode  and  the  coupling  operature  of  the  stabilizing 
cavity  is  about  \,/4  in  Fig.  1.  But  the  1  of  the  longitudinal  rod  osicillator*  is  about  X,/2. 

From  the  plane  A— A  to  the  left,  the  input  admittance  of  the  stabilizing  cavity  is  given  by 
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Fig.  1  UHGO  configuration  Fig,  2  Equivalent  circuit  of  UHGO 


Its  response  curve  Be’~£  is  shown  in  Fig.  3.  Hence,  it  is  necessary  to  satisfy 


Bi,<  0  for  f  >  fo 

Bi«=  0  for  f  =  fo  Condition  1 

a.>  0  for  f  <  fo 

The  B„  changes  with  the  time  and  the  temperature.  So  that  the 
oscillating  frequency  f  of  the  Gunn  oscillator  drifts.  For  ex¬ 
ample.  when  the  f  drifts  to  the  point  1  (or  3) ,  the  frequency 
of  the  oscillator  is  pulled  by  the  stabilizing  cavity  to  the  point  2 
(or  4).  This  is  just  locked  principle. 

The  following  calculation  will  confirm  that  the  transverse  rod 
oscillator  satifies  Condition  I  . 


Fig.  3  Diagram  of  locked  principle 


See  Fig.  2.  Form  the  plane  A~A  to  the  right,  the  input  admittance  is  obtained 


=  {(jwc.)-‘  -r  Ijwc,  OL.  -r  +  y, 


(1) 


where 

I'l  =  jaCf  -f-  [_j(oL,  +  Rq  +  (Gj  -f- 


We  separate  the  imaginary  part  from  Expression  ( 1)  to 
obtain  Expression  of  Bm.  Substituting  the  element  values 
into  Expression  of  Bu,  and  using  the  CAD ,  we  obtain  a  set 
of  numerical  results  for  the  frequency  and  Bu,  (see  Table 
I  ). 

Above  element  values : 

Gunn  diode  parameters  Gd=  — -0.  OSu, 

Cd=  0.  09pF,  Lp=  0.  InH,  Ro=  0.  5  Q, 

Cp=  0.  1  pF. 

Circuit  parameters  C.=:0.  02pF,  L.=0.  301nH. 

If  we  take  the  f  =  50.  4  GHz  as  the  center  frequency, 
the  data  (see  Table  I  )satify  Condition  I  .  Hence  the 
quenction  »  confirmed. 


Table  I ,  f  and  Bu 


f=49.  8  GHz 

Bu= 

00019 

f=50.  OGHz 

Bu  = 

00012 

f=50.  2  GHz 

00005 

f=50.  4  GHz 

Bu=- 

00000 

f=>50.  6GHz 

B.=  - 

00005 

f=50.  8  GHz 

Bu=- 

00009 

f==51.  0  GHz 

Bu,=  - 

00013 

I.  EXPERIMENTAL  RESULTS 


Table  1  shows  the  characteristics  for  several  typical  UHGO’s.  These  UHGO’s  have  examined  through  long 
time.  We  can  see  the  compensated  action  of  the  stabilizing  cavity  from  Table  1  .  At  rotun  temperature ,  the 
frequency  essentially  return  to  the  prime  frequency  after  forty  minutes.  When  the  ambient  temperature 
changes  from  —  5C  to  4-45X; ,  the  temperature  coefficient  is  in  the  range  of  10~*— 10“'/'C. 

Table  I  •  Characteristics  of  Seceral  UHGO’s 


No. 

f(GHz) 

in  range  of  0"  —  40* 
at  room  tenperature 

— 

Af(MHz) 
between  points  0* 
and  40’  at  room 

temparature 

temperature 

coefficient 

{-5*+45‘) 

(/C) 

Power 

(mW) 

05-28 

50.30 

2.  08 

2.  01 

5.3X10-' 

37 

09-28 

53.74 

0.  61 

0.12 

6.  0X10-' 

54 

07-25 

54.  96 

2.  20 

0.  92 

7.  4X10-’ 

27 

10-30 

57.  95 

1.  01 

0.03 

7. 1X10" 

18 

15-28 

58.65 

3.  44 

2.  19 

4.  4X10"’ 

(0* — h40X:) 

8 

Fig.  4  shows  the  spectrum  photograph  of  UHGO  NO.  10—30.  It  is  observed  by  a  sweep  generator.  It  is  can 
be  seen  that  the  oscillator’s  spectrum  is  very  pure. 


Fig.  1  Spectrum  of  UHGO  No.  10— 30 


f» — inherent  oscillating  frequency  of  H'oi,  cavity 
f  — sciUating  frequency  of  high  stabilized  oscillator 
Fig.  5  Performance  of  high  stabilized  oscillator 


MODE  JUMP 

1 .  The  Choice  of  Performance  Curve  of  the  High  Stabilized  Oscillator 

The  length  ot  the  H°oii  cavity  is  tuned  by  a  plunger,  the  performance  curve  of  UHGO  is  shown  as  the  f_  — 
curve  in  Fig.  5  .  It  only  has  a  single  curve.  But  the  longitudinal  oscillator  has  two  curves,  i.  e.  the  f+  — 
curve  and  the  f_  —curve  from  points  B  to  C*.  Therefore  UHGO  has  not  the  mode  jump  between  curves  f+ 
and  f~. 

When  UHGO  oscillates  in  the  range  from  A  to  B ,  the  oscillating  frequency  can  be  locked  by  the  high  0  cav 
ity  and  there  is  no  mode  jumps. 

2,  Temperature  Effect 

•  m* 


The  parameter  values  of  some  Gunn  diodes  obviously  change  with  MnWent  temperature*  then  the  perfor¬ 
mance  curves  transform «  which  can  also  cause  mode  jumpi  Therefore  *  it  is  necessary  that  we  should  do  a 
lot  of  temperature  tests  in  processes  of  research  and  manufacture. 

3.  Isolator  Problem 

Generally*  the  narrow  band  (±500  MHz)  junction  isolator  is  used  in  UHGO*  because  it  possesses  the  ad¬ 
vantages  of  small  insertion  loss*  small  volume,  low  price,  etc. .  When  the  reflection  coefficient  of  output 
load  is  at  a  certain  value,  the  equivalent  circuit  ma^w  satisfy  oscillating  condition  again  at  a  certain  fre¬ 
quency  which  is  beyond  the  bandwidth  of  the  isolator.  This  is  just  mode  jump. 

Usually  UHGO  is  used  as  a  local  oscillator.  Only  the  local  oscillator  (UHGO)  matches  completely  widi  the 
load  (mixer) ,  the  kind  of  mode  jumps  can  be  vanished. 

4.  If  the  Q  value  of  the  stabilizing  cavity  is  smaller,  the  mode  jumps  as  indicated  above  may  occur  easily. 

5.  When  the  bias  voltage  at  Gunn  diode  terminals  is  not  suitable,  the  mode  jump  may  also  occur. 
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WIDE  RANGE  TUNABLE  SUBMILLIMETER  CYCLOTRON  RESONANCE 
GERMANIUM  LASER:  SPECTRAL  CHARACTERISTICS  AND  APPLICATIONS. 

Ya.A.Mityagm,  V.N.Murzin,  S.A  Stoklitaky,  O.N.Stepanov 
I  .N.Lebedev  Physical  Institute,  Leninsky  prosp.53,  Moscow, 

117924  Russia. 

1.  Landau  levels  population  inversion  m  hot  carriers  system  in  E  and  H  fields. 

The  recent  mvestigations  of  hot  charge  carriers  in  semiconductors  in  strong 
electric  and  magnetic  fields  resulted  in  the  creation  of  a  new  class  of  coherent 
radiation  in  the  submillimeter  wave  range  —  hot  carrier  p-Ge  lasers  [1],  The  processes 
of  stimulated  light  emission  in  hot  carrier  system  can  be  considered  as  the  transitions 
between  different  Landau  Levels  (LL)  of  holes  in  degenerated  valence  band  of 
germruuum.  The  most  interesting  leusing  process  is  concerned  with  cyclotron  resonance 
(CR)  type  transitions  between  neighboring  light  hole  LL[2,3].  This  type  of  emission 
processes  attracted  much  attention  due  to  its  narrowband  gain  8pectrum,(see  Fig.l)  and 
possibUity  to  continuously  tune  the  emission  firequency  in  considerably  wide  range  by 
changing  of  applied  magnetic  field.  In  this  paper  the  results  of  experimental 
spectroscopic  studies  of  this  emission  mechemism  in  p-Ge  and  quantum  model 
calculation  of  hole  dynamics  and  LL  population  in  strong  E  x  H  fields  are  summarized 
and  possible  ways  to  expand  the  tuning  range  of  CR  lasers  are  discussed. 

The  mechanism  of  LL  inversion  population,  according  to  our  experimental  studies 
and  theoretical  caJculation8[4]  is  related  to  quantum  mixing  of  light  and  heavy  holes 
LL  in  degenerated  valence  band  of  Ge  in  crossed  E  x  H  fields.  As  a  result  of  mixing 
the  scattering  lifetimes  of  light  holes  in  LL  are  strongly  influenced  by  the  hfetimes  of 
heavy  holes.  Since  the  heavy  holes  lifetime8(which  are  involved  in  streaming  motion  ) 
are  very  short,  the  admixing  of  heavy  hole  state  to  the  hght  hole  state  substantially 
reduced  the  hght  hole  lifetime.  The  mixing  of  states  decreases  with  LL  number, 
therefore  the  light  holes  in  the  high  levels  have  a  longer  lifetimes  them  in  the  low 
LL  and  a  population  inversion  can  anse 

2.  StimulsUed  cyclotron  resonance  emission  p-Ge  crystals. 

In  previous  experiments  two  regions  of  CR  laser  emission  in  p— Ge  crystals  were 
found[2,3].  In  crystals  with  acceptor  impurity  concentration  <  10^'^  cm  CR 

emission  was  observed  in  spectral  interval  «/  =  25  —  50  cm^^A  =  200  -  400  /rm)[4], 

10  _ O 

while  in  more  doped  samples  (N^>  5  iO  cm  )  it  was  observed  in  spectral  range 
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1/  =  70  —  90  cm~*^(A  s:  110  ~  160  ^)[3].  Our  investigation  showed  that  there  are 
two  ways  to  expand  the  tuning  raage  of  CR  lasers.  Firstly,  this  kind  of  emiSBian 
was  found  to  be  very  sensitive  to  E,H  fields  orientation  with  respect  to  crystallographic 
axes  of  the  sample[5], because  of  the  strong  anisotropy  of  heavy  hole  subband  in  Ge. 
Choosing  the  proper  orientation  of  E,H  fields  (namely,  H  (|  [110],  E  at  the  angle  ^  = 
60  —  70*^  to  the  [110]axis),one  can  obtain  the  stimulated  CR  emission  in  a  range  v.  = 
40  -  95  cm'’^(A  =  105  —  250  pm)[5].  So,  in  a  device  with  two  laser  samples  made  of 
p-Ge  srith  different  doping  level  it  is  possible  to  realise  a  continuous  tuning  of  the 
emission  frequency  over  a  strikingly  wide  spectral  range  v  =  25  —  95  cm  ^(A  =:  105  — 
400  /im)(Fig.2),  with  the  emiaaion  linewidth  less  than  0.2  cm“^[6]. 

The  second  way  to  expand  the  tuning  range  of  CR  laser  is  to  apply  a  uniaxiai 
stress  to  p-Ge  crystal.  Since  uniaxirtl  deformation  lifts  the  valence  band  degeneracy  in 
Ge,  it  significantly  changes  the  degree  of  light  zmd  heavy  bole  states  nadxing,  the 
lifetimes  of  light  holes  and  the  population  inversion  between  the  light  hole  LL. 
Experimentally  a  considerable  expemsion  of  CR  emission  range  to  lower  H  (and, 
correspondingly,  to  the  low  frequency  region)  in  iiniaxially  stressed  p-Ge  was 
found(Fig.3)  [6,7].  The  use  of  a  stress  allows  to  obtain  in  a  single  properly  oriented 
p-Ge  crystal  the  CR  emission  frequency  tuning  in  the  range  «/  =  30  —  95  cm~^(A  = 
105  —  330  /on).  However,  it  should  be  noted  that  CR  emission  spectrum  in  a  stressed 
crystal  becomes  more  complicated  that  in  unstressed  one.  As  our  calculations  8how[7}  in 
stressed  Ge  a  population  inversion  for  several  pairs  of  light  hole  LL  can  be 
simultaneously  achieved,  so  the  transitions  between  different  pairs  of  LL  may  contribute 
to  lasing.  This  will  lead  to  the  splitting  of  CR  emission  line,  as  is  observed  in  an 
experiment[7,8]. 

3.  Future  prospects  and  applications. 

CR  germanium  lasers  are  the  unique  widely  tunable  sources  of  coherent  radiation 
which  cover  a  spectred  range  i/  =  25  cm~^—  95  cm~^  (A  =  105  —  400  fan),  the  pulse 
emission  power  being  reither  high  (10  —  100  mW).  The  linewidth  of  CR  lasers  in  usual 
conditions  is  found  to  be  about  0.1— 0.2  cm~^  [5].  Subsequent  development  of  CR 
lasers  as  monochromatic  sources  is  possible  by  means  of  creation  of  a  perfect  resonator 
and  magnetic  systems. 

Undoubtedly,  the  tunable  submillimeter  CR  germanium  lasers  can  be  effectively 
used  in  a  wide  variety  of  applications:  in  molecular  and  cryogenic  spectroscopy,  in 
radioastronomy  (as  a  heterodyne  source),  in  nonlinear  spectroscopy.  Just  now  the  CR 
lasers  are  successfully  used  in  solid  state  physics:  in  the  analysis  of  shallow  impurities 
in  GaAs[9]  in  the  studies  of  the  two  dimensional  electron  gas  in  GaAs/AlGaAs 
beterostructures  [lOj. 
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Fig.l  Spectrum  of  cyclotron  t'^pe  laser  emiaaion  in  p-Ge  (N^  =  6  10^^  cm~^) 
in  E  J.  H  fields  (H  =  17.3  kOe,  E  =  1.9  kV/cm). 


Pig.2  The  cyclotron  emiaaion  frequency  vcraua  magnetic  field. 

( _ )  -  sample  with  =  7  10^®  vaT^-, 

( - )  -  •MJple  with  =s  8  10^^  cm“^;  H  |j  [110]. 
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la  our  experiments  we  have  used  the  CR  germanium  laser  for  the  intr»'<avity 
spectroscopy  of  superconductors  in  the  vidnity  of  superconducting  gap.  Attaching  the 
NbgGe  film  (T^  =  18K)  to  the  waveguide  CR  laser  the  noticeable  changes  of  the 

output  lasing  intensity  were  observed  .  This  method  can  be  used  for  the  measurements 
of  impedance  and  weak  absorption  in  the  metals  and  superconductors  in  the  important 
frequency  range  v  ~  30—100 


Fig. 3  The  cyclotron  stimulated 
emission  intensity  in  stressed 
p-Ge  vs.  magnetic  field 
H  1!  [110] 

(a)  -  ¥>  =  60°  (b)  ip  =  70° 


lO.OC  20.00  30.00 

H.  kOe 
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ABSTRACT 

According  to  the  circuit  properties  of  a  harmonic  oscillator,  we 
present  a  new  idea  that  is  varactor  tuning  at  the  fundamental 
frequency (VTFF)  and  extracting  power  from  the  harmonic  f requency ( EPHF) 
for  electronic  tuning  of  harmonic  osc i 1 1 ators .Then  we  adopt  the  idea  to 
design  oscillator  circuits.  Finally,  we  developed  successfully  the 
first  3mm  electronically  tuned  harmonic  oscillator  in  our  country  in 
1988,  using  a  varactor  diode  made  in  China  which  is  suitable  for  a 
parameter  amplifier  as  an  electronic  tuning  device.  The  most 
electronically  tuned  bandwidth  (ETB)  of  the  oscillator  is  more  than  4 
GHi .  When  the  ETB  is  equal  to  tlOOMHz,  the  output  power  is  larger 
than  lOmW.  When  the  ETB  is  equal  to  ±500MHz ,  the  output  power  is 
larger  than  5mW. 

INTRODUCTION 

A  3mm  electronically  tuned  oscillator  is  a  key  part  of  a  3mm 
phaselocked  system  and  a  frequency  modulation  continuous  wave  system. 
Because  a  3mm  electronic  tuning  varactor  diode  cannot  be  made  in 
China  and  it  is  impossible  to  get  it  from  other  countries,  the  only 
way  in  which  a  3mm  electronically  tuned  oscillator  can  be  researched  is 
to  find  potentialities  of  the  devices  that  now  we  have.  Then 
according  to  the  nonlinear  analytic  results  that  we  had  gotten  from  a 
harmonic  osc i I  1 ator , we  presented  a  new  idea  that  is  VTFF  and  EPHF  , and 
studied  possibilities  using  a  varactor  diode  made  in  China  that  is 
suitable  for  a  parameter  amplifier  as  an  electronic  tuning  varactor 
diode.  On  the  basis  of  these  we  successfully  developed  the  first  3mm 
electronically  tuned  harmonic  oscillator  in  our  country.  Some 
typical  experimental  results  are  given  in  this  paper. 

THE  NEW  IDEA  FOR  VARACTOR  TUNING 

A  circuit  model  of  a  harmonic  oscillStor  is  shown  in  Fig. 1, where  N1 
and  Nm  indicate  describing  functions  of  a  dynamic  Van  der  pol 
model  of  a  Gunn  diode.*  The  fundamental  frequency  loop  is  on  the 
left, and  the  harmonic  frequency  loop  is  on  the  right.  We  define  tuning 
sens i t i v i t i es  as 

Si  =  UttJ.  t/lABi  I  (  i=1.2) 

It  stands  for  the  fundamental  frequency  variation  in  different 
harmonic  loops  which  are  produced  by  reactance  variation  per  unit. 
According  to  calculation  ,  SI  is  far  larger  than  S2 .  that  is,  the 
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tuning  ranges  which  are  produced  by  the  reactance  variation  of  the 
fundamental  frequency  loop  are  far  wider  than  those  which  are 
produced  by  reactance  variation  of  the  2nd  harmonic  frequency 
loop.  If  a  variable  reactor  is  introduced  into  the  fundamental 
frequency  loop  to  change  the  fundamental  frequency  and  the  2nd  harmonic 
powers  are  extracted  from  the  2nd  harmonic  frequency  loop.  we  can 
realize  electronic  tuning  for  the  2nd  harmonic  frequency 
indirectly.  That  is  our  new  idea,  e.g.  varactor  tuning  at  a 
fundamental  frequency (VTFF)  and  extracting  power  from  the  harmonic 
frequency (EPHF) . 


FTg.l  A  fcircuit  modle 
of  a  harmonic  oscilltor 


Fig. 2  An  equivalent  circuit 
of  a  varacLtor  diode 


THE  POSSIBILITY  ANALYSIS  FOR  USING  A  NATIVE  VARACTOR  DIODE 


An  equivalent  circuit  of  a  varactor  diode  is  shown  in  Fig. 2. 

Input  admittance  for  a  varactor  diode  is 

Y  =  G  +  jB 


where 


P _ c/ 

(  I  -  a<‘  t,  Cj  +  ui-  R,*  C/ 


u)*LCj)‘+ 


>  er*  ^ 


Ue  chose  a  varactor  diode  made  in  China  which  is  suitable  for  a 
parameter  amplifier.  its  parameters  are:  Ls=0.11nH,  Rs=2.448n, 

Cp=0.135pF,  C j ( 0 ) =0 . 21 6pF,C j (-4 )=0 . 1 14pF.  According  to  calculations, 
when  the  biased  voltage  applied  to  a  varactor  diode  changes  from  OV  t' 
-4V,  the  ratio  of  the  relative  variation  of  the  equivalent  susceptanc 
at  the  fundamental  frequency  (fl=47.2GHz)  to  that  of  the  equivalent 
susceptance  at  the  2nd  harmonic  frequency  is  about  213.  Hence,  the 
variation  of  junction  capacitance  of  a  varactor  diode  has  far  stronger 
influence  upon  the  susceptance  of  fundamental  frequency  loop  than 
upon  that  of  the  2nd  harmonic  frequency  loop.  Then  if  we  use  the  method 
which  is  VTFF  and  EPHF  and  introduce  this  kind  of  varactor  diode 
into  the  fundamental  frequency  loop  of  a  harmonic  oscillator  when  we 
design  a  electronically  tuned  oscillator,  it  is  possible  to  obtain 
some  satisfactory  results. 

DESIGNING  OF  THE  OSCILLATOR  CIRCUITS 


There  are  two  essential  conditions  for  a  varactor  tuning  oscillator 
which  are:  1.  the  energy  produced  by  a  active  device  must  effectively 
couple  to  a  varactor  diode.'  2.  the  Junction  capacitance  variation  of 
a  varactor  diode  must  cause  the  variation  of  susceptance  in  the 
external  network  which  we  look  out  from  the  place  where  a  active 
device  is.  According  to  the  two  essential  conditions,  we  have  carried 
out  computer  simulated  research  on  the  fundamental  frequency 
equivalent  circuit  of  the  oscillator  and  determined  the  key 
elements  which  affect  the  performance  of  the  oscillator. 
Accordingly,  we  designed  a  3mm  electronically  tuned  harmonic 

*  430  • 


its  tuning 


oscillator  in  which  it  is  easy  to  dabug  and  control 
character i st i cs .as  shown  in  Pig. 3. 

EXPERIMENTAL  ILLUSTRATION  FOR  VTFF  AND  EPHF 

There  are  three  structures  of  the  electronically  tuned  oscillators 
which  are  different  in  output  coupling  ways,  as  shown  in  Fig. 4. 
Fig. 4(a)  shows  a  simple  structure  of  an  electronically  tuned 
fundamental  frequency  oscillator.  Fig. 4(c)  shows  a  structure  of  an 
electronically  tuned  harmonic  oscillator.  Fig. 4(b)  shows  a  special 
structure  in  which  there  is  a  piece  of  short  standard  3nm  waveguide 
between  the  harmonic  oscillator  and  the  output  fundaeental 
frequency  waveguide.  Because  the  fundamental  frequency  is  cut  off  in 
the  standard  3mm  waveguide, it  can  only  be  coupled  to  a  fundaeental 
frequency  load  in  the  form  of  a  fade  mode.  Fig. 5  shows  the  output 
characteristics,  namely  the  output  frequency  as  a  function  of 
varactor  biased  voltage  for  a  same  electronically  tuned  harmonic 
oscillator  in  which  the  output  coupling  structure  is  respectively 
one  of  the  three  structures  described  above.  From  Pig. 5  we  can  see 
that  curve  (b)  coincides  with  curve  (c)  very  well  except  very  small 
deviation.  The  deviation  comes  by  two  reasons.  One  is  that  the 
former  has  a  small  load  at  the  fundamental  frequency  while  the  later 
doesn't  have  loads  at  the  fundamental  frequency , and  the  other  is  that 
there  are  different  errors  between  the  measurment  syste  at  the  two 
wavebands  and  parallaxes  caused  by  the  operators.  Curve  la)  in  Fig. 5 
indicates  that  the  oscillating  state  of  the  oscillator  has 
obviously  changed  and  the  oscillator  has  a  strong  load  at  the 
fundamental  frequency.  So  large  frequency  deviation  was  caused  and 
the  mode  jump  variation  occurred  midway.  Hence,  the  fact  was  proved 
that  the  electronically  tuned  oscillator  really  operated  in  the 
form  of  VTFF  and  EPHF.* 

TYPICAL  EXPERIMENTAL  RESULTS 


Using  a  6mm  GaAs  Gunn  diode  and  a  varactor  diode  which  is  suitable  for 
a  parameter  amplifier,  we  developed  successfully  the  first  Sam 
electronically  tuned  harmonic  oscillator  in  our  country  in  198B,  which 
is  shown  in  Fig. 6.  Fig. 7  shows  typical  characteristic  curves  of  the 
oscillators,  namely  frequency  and  power  as  a  function  of  the  biased 
voltage  which  is  applied  to  varactor  diode.  According  to  the  curves  in 
Fig. 7,  we  know  that  the  most  ETB  of  the  oscillator  is  more  than  4GHz . 
When  the  ETB  is  equal  to  tlOOMHz,  the  output  power  is  larger  than 
lOmW.  When  the  ETB  is  equal  to  jtSOOMHi.the  output  power  is  larger  than 
5mW,  Moreover,  the  frequency  stability  is  about  10“*  after  the 
oscillator  being  tuning  on  for  half  of  an  hour.  The  average 
temperature  frequency  stability  is  better  than  -SMHz/'C  within  a  range 
of  temperature  from  -50*C  to  +50’C. 

CONCLUSION 


Although  the  junction  capacitance  variation  of  a  varactor  diode  which 
is  suitable  for  a  parameter  amplifier  is  nonlinear  and  the  ratio  of 
the  junction  capacitance  variation  is  very  small,  we  still  got  some 
satisfactory  results  because  we  made  use  of  the  method;  VTFF  and  EPHF. 
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SUPERSIXW  WAVES  IN  PERIODIC  STRUCTURES 
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Acad,  of  Science  of  Ukraine.  12  Proscura  st. . 
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It  is  kJioMi  that  developing  of  millioieter  and  subnilliiBeter  (MSM) 
wavebands  is  inpossible  without  active  elements.  Up  to  date  the 
devices  using  quantum  superlattices  and  ballistic  notion  of  carriers 
in  submicrone  structures  are  of  first  rate  importance. 

In  this  report  we  slKHild  like  to  attract  attention  on  a 
possibility  of  the  creation  of  semiconductor  elements  of  MSM  bands 
without  complicated  submicroii  technology.  Distributed  interaction  of 
drift  carriers  in  a  semiconductor  with  slow  electrora£ignetic  waves  is 
the  mecdianism  which  put  into  effect  aji  instability  of  electromagnetic 
waves  similar  to  that  one  in  a  travelling-wave  tube  or  back- wave  tube. 
In  order  to  put  into  operation  such  interaction  it  is  necessary  to 
provide  eui  equality  of  velocity  of  semiconductor  drift  carriers  and 
propagation  wave  velocity.  It  is  known  that  drift  velocity  is  a  less 
than  heat  velocity,  i.e.  it  has  an  order  of  lO^-lo”  cm/s.  In  addition, 
oil  electromagnetic  wave  in  a  solid  state  propagates  with  velocity  "c/ 
y~£  (c  =  3*10*°  ctt/s  is  the  vacuum  Light  velocity,  e  is  the  dielectric 
permeability),  i.e.  approximately  is  equal  to  10**  cm/s.  Velocities  of 
surface  plasmons  and  magnetic  plasmons  also  considerably  exceed  drift 
velocities  [Ij.  Tlais,  it  is  necessary  to  increase  carrier  velocities 
by  two  or  three  orders  or  slow  down  an  electroaeikgnetic  wave  in  order 
to  obtain  this  sy  nchronism.  For  increasing  velocities  it  is  possible 
to  use  ballistic  motion  of  carriers  iu  submicrone  structures, In 
another  case  we  i  'opose  to  make  use  the  layer-periodical  structures 
consisting  of  sem i-conductor  and  dielectric  Layers  [2]. 

In  vacnaum  ei»'Ctronics  comb-periodic  5tr»ictures  became  common  use 
to  obtain  delay.  I’he  mecfianism  of  delay- in  such  str’Jictures  is  possible 
to  consider  as  follows.  A  period  of  „he  structure  is  a  resonator  for 
the  electromagnetic  wave.  The  difference  of  oscillation  pliases  between 
different  resonators  leads  to  propagation  of  a  slow  wave  along  the 
periodic  structure.  Tlriat  velocity  of  propagation  seems  as  low  as  we 
want  in  the  case  of  almost  aero  phase  difference  between  adjacent 
resonators,  but  it  is  difficult  to  realise  this  situation  on  account 
of  wave  damping  calling  into  action  phase  erosion.  Usually  in  the 
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periodic  strucrturea  delay  is  of  tlie  order  of  100. 

There  are  aoae  ‘’resonant'  types  of  waves  in  aeaiconduotors: 
surface  and  voluee  plaaaons  and  aacnetic  plasaons.  Without  daapinc 
velocities  of  these  waves  can  be  very  low.  but  in  practice  daapinc  is 
relatively  hiffh  even  in  pure  aeaiconductors.  iherofor^  velocities  of 


'resonant'  waves  differ  slightly  from  the  li^ht  velocity  in  vacuua. 

Another  situation  can  be  realized  in  the  layer- periodic  structure 

a 

(“ 

1  -  - # - T-7— »l. 

U>  J 

where  is  the  dielectric  permeability  of  the  lattice,  is  the 

plasnon  frequency,  v  is  the  effective  frequency  of  colLiaions;  is 


the  thickness  of  the  Layer)  and  dielectric  Fig.  I 

dispersion  carves  for  non-daaping  structures  are  shown 

33  '  ^  (>«  is  the  component  of  t)ie  wave 

vector  directed  along  layers. 
y/'  d~  «i^+  is  a  period  of  the 

structure) ,  It  is  shown  that  the 
lower  curve  asymptotically  tends 
to  the  frequency  of  the  surface 


~r|^"  ^  ^  propagating  along  boundaries  of 

_ _ the  dielectric  and 

Fig.l.  semiconductor.  Another  disper¬ 

sion  curves  correspond  to  the  frequency  higher  than  <•>  .  In  this  region 

p 

the  layer-periodic  structure  behaves  like  the  dielectric  lattice.  The 
field  structure  of  the  lowest  dispersion  curve  is  schematically 
introduced  in  Fig. 2a  for  volixme  and  Fig. 2b  for  the  surface  waves. 


plasmons  u  - 
^  pm  O 
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Fig. 2a.  Fig. 2b. 
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Dashed  curves  are  envelopes  for  the  field  distributions  inside  the 
layers.  It  is  shorni  from  figures  that  in  the  infinite  structure  the 
field  has  a  periodical  character  although  inside  a  layer  it  decreases 
exponentially  from  the  boundary.  In  the  finite  lattice  the  field 
decreases  e.vponentially  deep  into  the  structure. 


The  dispersion  curve  changes  its  form  if  we  tfike  into  account 
damping  in  semiconductor  layers  t3.4]  (Fig, 3).  The  longitudinal  wave 
number  can  be  written  in  foncm  h.  -  k‘  4-  ik'  ‘  and  we  find  that 

XX  X 


the  value  given  by  forwoiLa  (♦),  Let  (k‘ d)  =  Q.  The  value  of  Q  have 

X  mox 

been  calculated  for  different  structures  with  EnSb  as  a  semiconducrtor 
V  Si  10“  s*,  ss  10**  s~*  )  and  dielectric  layers  - 

5K  Vie  have  obtained  Q  -  2.. 4  for  the  infinite  structure,  with  the 
magnetic  field  O  ~  10.. 15;  for  a  surface  wave  in  the  semi- inf inite 
structure  Q  2=  50;  in  the  structure  in  a  metal  substrate  Q,  si  50.. 70. 

Let  us  estimate  the  minimum  phase  velocity  by  the  fomula 

u  d 

V  - 

ph  mvn  Q 

The  value  of  the  structure  period  d  is  restricted  by  the  formula 

application  of  the  dielectric  permeability.  Therefore  we  have  assumed 

d  Si  3 .  .  10  pm  for  the  estimations.  In  this  case  phase  velocity  v  ,  ss 
a  e  ,  phmvn 

10  -  .1(1  c»/3  wltli  ^  10**  s  *.  The  great  decay  is  obtained  due  to 

ps 

the  fact  tliat  the  investigated  wave  attenuation  is  less  than  in  a 
homogeneous  semiconductor  since  the  -wave  energy  concentrated  in 

general  in  the  low  losses  dielectric  layers.  In  fact,  the  field  in 

the  semiconductor  is  proportional  to  «s.p(  -  ?  ■/>«*♦-  \£  |w*/  c*  )  and 

in  the  dielectric  ~  csp(-  H  '/^*  -  «^u)*/  c*  ),  where  ?  is  the 

coordinate  counted  from  the  boundary  between  the  semiconductor  and 
dielectric  (see  Fig.2J.  Thus,  semiconductor  layers  define  dispersion 
properties  of  the  structure,  and  dielectric  layers  define  wave 


damping.  As  a  result,  Uie  low  damping  electromztgnetic  wave  propagation 
with  the  low  phase  velocity  is  possible. 
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HIGHLY  STABLE  KA-BAND  GAAS  GUNN  MICROSTRIP  OSCILLATOR 
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Xiang  Jialing,  Sun  Xiaopeng  and  Shao  kai 

(Nanjing  Electronic  Devices  Institute,  Nanjing,  China) 


ABSTRACT 

A  high  performance  and  stabilized  Ka-Band  GaAs  Gunn  Full  microstrip 
oscillator  has  been  developed.  It  is  stabilized  using  a  dielectric 
resontor  in  a  unique  hybrid  configuration.  The  oscillator  provide  170mw 
of  cw  output  power  at  33GHz,and  frequency  stability  of  9.7ppm/t:. 

INTRODUCTION 

It  is  acknowledged  that  the  millimeter-wave  microstrip  oscillators  have 
the  advantages  of  small  size, light  weight, and  low  cost  as  well  as  ease 
of  integration.  Therefore,  the  millimeter-wave  full  microstrip  GaAs 
Gunn  oscillator  is  still  the  priority  for  most  practical  application 
purposes  of  fully  integrated  millimeter-wave  receiver.*. 

A  number  of  authors  have  developed  a  variety  of  configurations  of 
millimeter-wave  microstrip  oscillator , however , all  these  configurations 
should  be  trimming  carefully  to  ensure  the  "best  match".''  This  paper 
describes  a  novel  and  very  simple  Ka-Band  full  microstrip  GaAs  Gunn 
oscillator  stabilized  with  a  dielectric  resonator.  A  design  of  the 
oscillator  has  been  achieved  by  considering  the  package  transformed 
impedance  and  the  impedance  of  a  GaAs  Gunn  device.  By  comparison 
between  the  computed  and  experimental  results  of  the  microstrip 
oscillator  at  Ka  band,  the  availability  of  this  method  has  been 
completely  verified.  This  method  can  be  also  used  in  V-band  and  W-band 
with  simple  modification.  A  very  high  output  power  is  easily  obtained 
in  this  microstrip  oscillato’'  configuration  without  any  trimming 
microstrips , showing  experimentally  the  "best  match"  condition .The 
matching  method  described  above  is  superior  tf  that  reported  before, 
because  it  can  be  practiced  for  high  output  powv r  in  the  circuit  layout 
without  an  additional  timming  limit. An  170mW  output  power  at  33GHz  and 
frequency  stability  of  9.7ppm/tr  represent  the  state-of-the-art 
performance  using  the  Ka-band  microstrip  Gunn  oscillator  with  a 
dielectric  resonator. 

OSCILLATOR  DESIGN 

Figl.  shows  the  layout  of  highly  stable  Ka-band  full  microstrip  GaAs 
Gunn  Oscillator  consisting  of  a  packaged  GaAs  Gunn  diode,  a  dielectric 
resonator  and  a  microstrip  circuit  fabricated  on  a  Duroid  substrate .The 
thicknesses  of  the  Duriod , rolled  copper  and  gold  film  are  0.254mm, Hum 
and  0 . 7um, respectively .The  circuit  board  is  enclosed  in  a  sufficiently 
small  rectangular  channel  to  suppress  propagation  of  higher  order  modes 
and  guarantee  a  single  quasi-TEM  mode  at  Ka-band.^  The  GaAs  Gunn 
device  on  a  cylindrical  stud  is  inserted  into  one  sidewall  of  the 
channel.  This  structure  minimizes  parasitic  reactance  of  the  device. The 
Gunn  diode  made  by  Nanjing  Electronic  Devices  Institute  has  T  chm 
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negative  resistance  in  small-signal  model,  however,  it  may  have  a 
higher  negative  resistance  when  the  oscillator  reaches  a  steady 
state. The  output  matching  network  consisting  of  package  and  microstrip 
circuit  should  be  able  to  transfer  the  negative  resistance  of  Gunn 
diode  to  the  optimum  load.  The  dielectric  resonator  has  a  6.r=30  and  a 
Tcf=2ppm/?;.  The  unloaded  Q  of  the  resonator  is  approximately  2000  at 
35GHz.  The  operating  frequency  of  the  oscillator  is  changed  readily  by 
the  variation  of  length  of  the  resonator. 

OSCILLATOR  PERFORMANCE 

For  testing  purposes, the  microstrip-to-waveguide  transitions  consisting 
of  a  microstrip  probe  through  a  slot  in  the  broad  wall  of  the  waveguide 
are  used. These  can  be  eliminated  when  the  oscillator  is  to  be 
interfaced  with  other  integrated  circuit  components.  Fig. 2  provides 
a  photograph  of  the  experimental  Ka-band  microstrip  oscillator.  Fig. 3 
shows  the  measured  output  power  and  frequency  ,  at  the  waveguide 
output  flange  of  the  microstrip  oscillator  as  a  function  of  bias 
voltage.  The  maximum  output  power  measured  is  ITOmw  at  33GHz  with  a  DC 
to  RF  efficiency  of  2. 9%. As  yet,  the  microstrip-to-waveguide  transition 
has  not  been  optimiaed.  The  discrete  GaAs  Gunn  diode  used  above  is 
measured  to  be  210mw(  fs:33 .  IGHz)  in  a  waveguide  cavity.  This  clearly 
shows  that  the  microstrip  circuit  extracted  80%  of  the  maximum 
available  diode  power.lt  corresponds  to  the  total  circuit 
loss , including  the  transitions , is  escimated  to  be  O.SdB.The  bias 
tunning  bandwidth  is  320MH2  with  power  variation  of  3dB  in  the  bias 
rang  of  3.fivolt  to  5.6volt.  The  temperature  stability  of  the  oscillator 
with  a  high  Q  dielectric  resonator  is  illustrated  in  Fig. 4,  the  total 
temperature  variation  over  26*i  to  80^  is  18.1MHz  , which  corresponds  to 
an  oscillator  frequency  temperature  coefficient  of  9.7ppm/c.  It  is  also 
found  from  some  experiments  that  a  2.2GHz  of  variation  has  been  easily 
obtained  by  trimming  the  length  of  the  resonator  for  a  same  output 
power . 


CONCLUSION 

^  35GHz  dielectric  resonator  stabilized  Gunn  full  microstrip  oscillator 
•was  developed .  Output  powers  of  170mw  was  obtained  from  a  210mw  diode, 
the  bias  tuning  bandwidth  was  320MHz  with  power  variation  of 
3dB . Frequency  temperature  coefficient  of  9.7ppra/t  is  also  obtained. 
This  oscillator  with  a  dielectric  resonator  has  good  performances 
suitable  for  some  systems  applications  such  as  communication , and  radar 
3s  a  local  oscillator  and  can  offer  many  advantages  of  light  weight, low 
^ost, compact  rugged  structure , simple  technology  and  easy  tuning  as  well 
as  its  potential  for  high-volume , repeatable  manufacturing.lt  can  be 
easily  integrated  with  other  microstrip  circuits  to  form  a  fully 
integrated  mm-wave  receiver  f ront-end . Finally , the  novel  raicrostrip 
configuration  can  be  easily  modified  to  form  VCO  and  power  combiner. 
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Frequency  (GHz) 


Fig.  1  35GHz  full  microstrip 

oscillator  circuit  layout 


Fig.  2.  Complete  35  GHz  full 
microstrip  oscillator 
in  test  housing. 


Gunn  bias  (volts) 


Fig.  3  Bias  characteristics 
of  output  power  and 
frequency  of  full 
microstrip  oscillator 


Fig.  ^  Oscillator  temperature 
performance 
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OPEN  RESONATORS  WITH  MATCHING  EXCITATION. 
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At  present  opexi  resonators  which  are  estimated  as  highquality 
resonant  system,  are  widely  used  in  millimeter  and  submil lime ter 
wavelength  bands.  Characteristics  of  open  resonators  are  determined 
by  energy  losses  which  are  traditionally  formed  by  ohmic  and  diffrac¬ 
tion  losses,  communication  losses  as  well  as  losses  caused  by  not 
matching  excitation  ■  caused  by  the  difference  in  structures  of  the 
exciting  E  and  working  E  fields.  Taking  all  this  into  consideration 
it  is  evident  from  the  physical  point  of  view  that  the  above-mentioned 
type  of  losses  is  accompanied  by  the  following  phenomena.  First,  there 
is  field  emission  from  the  open  resonator  owing  to  the  "overflow”  of 
power  of  the  exciting  communication  opening  beyond  the  edges  of  one  of 
the  resonator  mirrors.  Second,  there  is  a  difference  between  directi¬ 
onal  (radiation)  pattern  of  the  exciting  opening  and  working  field 
oscillation  structure,  which  is  equivalent  to  power  "pumping  over” 
(transfer)  of  the  exciting  field  in  highest  modes,  for  many  of  which 
the  resonance  condition  may  not  be  valid. 

In  particular,  we  have  measured  experimentally  field  sections  in 
planes  E  and  H  (Fig.  1,  curves  1  and  2,  accordingly)  for  widely  used 
element  of  communication  of  an  open  resonator  with  the  load  in  the 
form  of  a  narrow  opening  in  the  centre  of  the  flat  mirror  with  the 
diameter  15^  (X~  wavelength).  The  field  of  TBMp,„  mode,  which  is 
well  described  by  Gaussian  distribution,  is  calcuJ^ted  for  the  plane, 
being  measured,  and  is  shown  in  Fig.  1  (curve  J).  As  it  is  seen  from 
the  figure,  some  part  of  radiator  power  is  being  lost  because  of  its 
"overflow”  beyond  the  edge  of  the  mirror,  and  field  structure,  which 
is  intercepted  by  the  mirror  (Fig.  1,  hatched  domain)  differs  greatly 
from  'the  structure  of  the  mode  field  of  the  open  resonator.  These 
differences  are  related  with  diffraction  peculiarities  of  radiation 
field  on  a  thin  opening  with  flange  and  they  can't  be  eliminated  for 
the  given  vype  of  communication  elemen-i,.  For  all  this,  not  all  the 
power,  radiated  into  the  volume  of  an  open  resonator,  will  be  trans¬ 
formed  into  working  mode. 

Let  UB  examine  a  problem,  concerning  excitation  of  semisymmetric 
open  resonator  with  Gaussian  distribution  of  the  field  by  rectangular 
waveguide,  situated  in  the  centre -of  a  flat  mirror,  in  which  wave  H, 
is  propagated  and  its  component  E  has  the  form  f'iy 
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Leu's  introduce  excitation  efficiency  of  the  ojen  resonator  in  the 
form 


(  2  ) 
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where  integration  ia  exercised  in  an  infinite  plane  S  near  one  of  the 
mirrors.  Putting  (1)  into  (2)  we  shall  give  an  expression  for  resona¬ 


tor  excitation  efficiency 


(  5  ) 


where  z-(^a)+^(a/z)  -M/Z)  -  probability  integral;  probability 

integral  of  complex  argument  / the  line  stands  for  complex-conjugated 
funccion)  ;  and  -  normalized  dimentions  of  communica¬ 

tion  element  ;  u/  -  radius  of  field  spot  on  the  flat  mirror  of  the 
open  resonator. 

The  results  of  calculations,  shown  in  Pig.  2,  wdiere  there  are 
lines  of  permanent  level  ,  demonstrate,  that  the  right  choice  of 
communication  opening  allows  to  substantially  increase  the  effecti¬ 
veness  of  excitation  of  the  open  resonator  of  the  above-mentioned 
geometry  up  toJ:he  value  f?  =  0,88  with  the  opening  dimentions  of 
a:=  2,91  and  y=  1,98. 

It  is  necessary  to  mention  that  the  abeoxute  dimentions  of  the 
communication  opening  amount  to  several  wavelengths  and  this  leads  to 
strong  shunting  (by-passing)  of  the  resonator  by  the  load  from  the 
side  of  the  feeding  line.  That  is  why  it  ia  necessary  to  control  se¬ 
parately  the  field  of  excitation  and  communication  of  the  open  resona*. 
tor  with  the  waveguide  transmission  line,  using  thin  semitransparent 
screens,  situated  in  front  of  the  horn  aerial  aperture  in  the  centre 
of  the  flat  mirror  and  not  distorting  its  directivity  diagram.  Speci¬ 
fically  we  used  one-dimentional  E-polarized  diffraction  gratings, 
choosing  different  parameters  of  which  it  is  possible  to  provide  for 
the  given  magnitude  of  communication  of  the  resonator  with  the  load. 

We  have  made  all  the  necessary  calculations  and  produced  a  semi- 
symmetric  open  resonator  for  fourmilliraeter  wavelength  band,  the  di¬ 
mentions  of  which  were  chosen  in  such  a  way  that  it  was  possible  to 
obtain  an  optimal  value  of  loaded  Q-f actor  Q,  /V.  Mirrors ’  apertures 
and  radius  of  curvature  of  spherical  reflector  are  equal  to  9,551  ,* 
and  as  an  exciting  device  horn  antenna  is  used,  wdiich  is  situated  in 
the  centre  of  a  flat  mirror.  The  dimentions  of  horn  opening  were  de¬ 
termined  considering  the  condition  of  field  matching  (Pig.  2,  Cl= 

=  3,551  »  6'^2,3jL  ,  and  bom  length  was  10 X  ,  phase  error  in 

aperture  <  9®). 

We  can  see  in  Pig.  3  field  sections  in  B  and  H  planes  (curves  1 
and  2,  accordingly)  of  the  suggested  exciting  device,  which,  are  mea¬ 
sured  in  the  plane  of  a  spherical  mirror.  In  the  same  Pig.  3  (curve 
3)  there  is  shown  distribution  of  field  TEM^.  mode  of  the  resonator, 
?^ch  ia  calculated  in  the  plane  being  measured.  As  it  is  seen,  the 
communication  element  provides  for  the -flxissymmetrical  directional  ’ 
pattern,  which  coincides  with  the  fielcT  spot  dimention  on  level 
(-8,68  dB)  with  accuracy  ^  5%.  In  order  to  control  communication  of 
the  open  resonator  with  the  feeding  line,  the  opening  (aperture)  of 
the  horn  aerial  was  closed  by  means  of  B-polarized  belt  diffraction 
grating  with  the  period  i=  0,22  and  an  opening  0,1jl  . 

In  Pig.  4a  there  is  a  spectrum  region  of  the  open  resonator  when 
matching  excitation  is  utilized.  This  spectrum  region  is  photographed 
at  distances  L/H,  which  correspond  to  the  optimal  Q-factor  of  the 
resonator.  As  can  be  pj^en,  in  this  case  only  TEMg^-mode  ia  excited  in 
the  resonator  as  the  exciting  field  practically  coincides  with  the 
field  of  working  mode  (Fig,, 3).  Owing  to  this  such  an  open  resonator 
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posseses  a  unimodal  resonemce  curve  in  the  interval  of  re-tuning  of 
wavelength  order,  which  is  i.mportam;  in  the  process  of  creating  selec¬ 
tive  oscillation  chains  of  millimexer  and  aubmilliiiieter  wavelength 
bauds. 


At  the  same  time  the  spectrum  picture  qualitatively  changes  for 
the  resonator  with  the  slot  type  of  excitation  as  it  is  shown  ixi 
Pig.  4b,  where  there  is  a  snectriim  region,  {)ho tographed  at  the  same 
distances  between  the  mirrors  L/R.  In  such  eui  open  resonator  parallel 
with  the  TEM^- mode  there  are  being  excited  two  highest  and 

modes,  which  are  explained  namely  by  the  difference  between  the 
exciting  field,  E^  and  working  field  E  according  to  Pig.  1, 

The  measurement  of  losses  accounting  for  not  matching  excitation 
has  shown  that  when  matching  way  of  energizing  is  used,  these  losses 
are  '19%,  which  corresponds  adequately  v/ith  the  above-given  theoretical 
estimates  aaid  when  slot  excitation  method  is  used,  the  losses  increase 
up  to  50%. 


Thus  we  can  say  that  the  experiments  made  confirm  the  advantages 
of  the  suggested  method  of  matching  excitation  of  open  resonator  and 
prove  that  it  is  possible  to  gain  practically  unimodal  frequency  cha¬ 
racteristic  in  multimode  oscillation  systems  of  the  high-frequency 
band  region  of  millimeter  and  submillime  l;er  v/avelength  bauids. 
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Pig.  1.  Field  distribution  from  the  slot  (opening) 
communication  element  in  the  centre  of  the 
flat  mirror  of  the  open  resonator. 
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Pig.  3.  Field  distribution  from  the  aperture  communication  ele¬ 
ment  in  the  centre  of  the  flat  mirror  of  the  open  reao- 

w 


pig,  4,  Vibration  spectrum  of  the 
open  resonator: 
a  -  excitation  by  aperture 
communication  element; 
b  -  excitation  by  slot 

(opening)  coinnunication 
element. 
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ABSTRACT 

Wide-band  multifunction  active  phased  arrays  WMAPA,  have 
several  attractive  characteristics.  The  requirements  for  the 
realisation  of  WMAPAs  are  outlined  and  several  realisation  options 
for  antenna  elements  and  array  architectures  have  been  explored. 

Promising  research  areas  are  outlined. 

1.  INTRODUCTION 

One  phased  array  operating  over  a  wide  bandwidth  at  cm/mm  wavelengths  has  the  following 
attractive  characteristics: 

(a)  it  can  perform  radar  functions  such  as  surveillance  and  target  acquisition  at  two  different 
bands  eg.  L-  and  X-band  respectively; 

(b)  has  excellent  ECCM  (Electronic  Counter  Counter  Measures)  and  LPl  (Low  Probability  of 
Interception)  characteristics; 

(c)  it  can  perform  spectrum  surveillance  and  EW  (Electronic  Warfare)  functions;  and 

(d)  it  can  perform  high  sensitivity  radiometric  imaging  functions.  It  is  recalled  here  that  the 

minimum  detectable  signal  of  a  radiometer  is  inversely  proportional  to  B"*  where  B  is  the 
system  bandwidth. 

The  realisation  of  WMAPAs  is  reaching  the  realms  of  possibility  because: 

(i)  wide-band  T/R  (Transmit/Receive)  modules  have  been  realised  [1];  and 

(ii)  narrow-band  phase  shifters  operating  at  RF  have  been  substituted  by  wide-band  delay 
lines  operating  at  optical  wavelengths  [2). 

Costs  limit  the  widespread  use  of  active  phased  arrays,  at  present, 
in  ttiis  paper  we  shall  focus  attention  on  the  requirements  for  the  realisation  of  WMAPAs  in 
section  2  while  wide-band  antenna  elements  and  appropriate  array  architectures  are  considered 
in  sections  3  and  4  respectively. 

2.  THE  REQUIREMENTS 

The  wide-band  requirement  should  be  clarified;  Pne  can  for  instance  have  a  WMAPA  operating 
at  two  or  more  bands  centred  at  frequencies  within  the  L-,  S-,  C-  of  X-bands.  The  useable 
bandwidth  can  be  10%  of  the  centre  frequency:  let  us  call  this  application  one.  Alternatively  one 
can  have  a  spread-spectrum  WMAPA,  where  the  usable  band  is  2-3  octaves:  let  us  call  this 
application  two.  In  either  case  wide-band  antenna  elements  are  required. 

Canonical  phased  arrays  are  arrays  w^ere  the  spacing  between  elements  is  constant  and  equal 
to  X/2  where  X,  is  the  wavelength  of  operation;  furthermore  amplitude  tapering  is  used  to  obtain 
the  required  sidetobe  level  and  beamshape.  These  arrays  cannot  support  wide-band  operation 
and  other  antenna  arrangements  or  architectures  should  to  be  considered. 
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Polarisation  information  is  desirable  for  it  holds  the  promise  of  amsiderable  benefits.  The  use  of 
circuiar  polarisation  decreases  rain  induced  clutter  by  about  lOdB  [3].  Similarly  the  use  of  the  V 
and  H  polarisations  and  appropriate  signal  processing  algorithms  decrease  sea  clutter  [4], 
Polarisation  agility  and  frequency  diversity  are  required  before  these  benefits  can  be  attained. 
The  doubling  of  the  number  of  T/R  modules  required  to  accommodate  two  principal  polarisations 
is  at  present  prohibitively  expensive:  this  is  because  the  cost  of  T/R  modules  is  high.  When 
costs  decrease  by  the  use  of  a  matured  MIMIC  technology,  polarimetric  WMAPAs  can  be 
contemplated.  It  is  however  important  that  the  potarisarion  isolation  required  should  be  greater 
than  25-30dB  [5];  additionally  the  beamwidfhs  of  polarimetric  WMAPAs  in  the  E-  and  H-  plane 
radiation  patterns  should  to  be  equ^. 

3.  ANTENNA  ELEMENTS 

Printed  circuit  microstrip  patch  antennas  or  dipoles  have  a  maximum  bandwidth  of  say  10%  to 
15%  of  the  centre  frequency  of  operation.  One  can  propose  the  tuning  of  such  elements  for 
application  one.  The  tuning  of  dipoles/monopoles  at  UHF  has  been  reported  [6];  more  explicitly 
a  monopole  was  tuned  from  30-90  MHz  with  the  aid  of  high  Q  passive  circuits  which  were 
inserted,  under  a  microprocessor  control,  between  the  antenna  and  the  front-end  of  the  receiver. 
With  this  arrangement  the  SNR  of  the  system  remained  approximately  constant  in  the  band  of 
operation.  More  importantly  however,  a  band-pass  filtering  (BPF)  function  was  afforded  by  the 
antenna:  in  a  multi-source  environment  such  a  BPF  is  often  required  to  excise  jammers  operating 
outside  the  band-pass  of  the  receiver.  The  tuning  of  narrow-band  antenna  elements  operating  at 
microwaves  is  a  promising  area  for  research. 

Printed  circuit  tapered  slot  antennas  (TSAs)  P&8J  offer  wide-band  perfonnance,  have  low  profile 
and  are  inexpensive  to  fabricate.  TSAs  can  have  acceptable  input  VSWRs  and  a  gain  of  about 
6dB  over  2-3  octaves;  additionally  their  E-  and  H-plane  radiation  patterns  can  be  approximately 
equal.  The  E-,  H,  and  D-  plane  maximum  cross  polarisation  radiation  was  about  -1  IdB  with 
respect  to  the  maximum  co-polarisation  radiation  for  the  antipodal  TSAs  considered  in  reference 
[9];  by  contrast  the  E-  and  H-  plane  maximum  cross  polarisation  level  was  about  -27dB  for  the 
planar  TSAs  while  their  D-plane  maximum  cross  polarisation  level  w^  about  -IldB  [9].  Here  the 
D-plane  is  the  diagonal  plane  with  respect  to  the  antenna  plane.  It  is  clear  that  some  work  is 
required  to  decrease  the  maximum  cross  polarisation  level  in  the  D-plane  before  planar  TSAs  are 
used  for  polarimetric  WMAPAs. 

4.  ARRAY  ARCHITECTURES 

While  canonical  phased  arrays  are  not  suitable  for  wide  band  operation  these  arrays  have  one 
desirable  quality:  graceful  degradation.  More  explicitly  if  5%  or  10%  of  the  elements  fail,  the 
array  sidelobe  does  not  substantially  deteriorate.  While  phased  arrays  having  a  random  spacing 
or  minimum  redundancy  [10]  have  been  considered  these  arrays  do  not  offer  graceful 
degradation,  C  jntrolled  redundancy  arrays  [1 1 )  have  a  random  spacing  between  antenna 
elements  and  redundancy  which  can  be  controlled.  The  spacing  between  elements  is  such  that 
the  effecte  of  mutual  coupling  can  be  ignored  at  the  lowest  frequency  of  operation.  Additionally 
space  tapering  is  used. 

5.  CONCLUDING  REMARKS 

WMAPAs  have  several  attractive  characteristics;  the  requirements  for  the  realisation  of  these 
arrays  have  been  outlined  and  the  importance  of  polarisation  information  emphasised.  Specific 
areas  considered  were:  wide  band  antenna  elements,  and  suitable  array  architectures.  The 
concept  of  wide  band  operation  has  been  clarified  and  two  applications  outlined;  in  the  first 
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application  narrow-band  tunable  antennas  are  tuned  across  a  wide  band,  while  in  the  latter 
application  the  instantaneous  bandwidth  is  2-3  octaves  wide.  For  application  one,  tuned 
dipoies/monopoles/patches  can  be  contemplated  for  use,  whiie  for  application  two,  TSAs  are 
promising  candidates  for  evitenna  elements  of  WMAPAs;  here  again  some  work  is  required 
before  planar  TSAs  can  be  considered  for  poiannetric  WMAPAs.  Controlled  redundancy  phased 
arrays  are  more  suitable  for  wide-band  operations  than  canonical  phased  arrays. 

Costs  limit  the  widespread  use  of  active  phased  arrays;  when  these  costs  decrease  by  tfte  use  of 
a  mahjre  MIMIC  technology,  active  phased  arrays  and  WMAPAs  which  can  take  advantage  of 
information  afforded  by  polarisation  will  come  of  age. 
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HHS  PB0FILS8  PBOCIflSINO  TICHNIQUIS 
FOB  LFMCW  MILLIMXTBB  WAVS  BAOAB 

H«  8onghu«,Quo  Gaizoag.Quo  Xlohnaag.Zhaag  W«i 
(Changfha  Institute  of  Technology, Hunan, Chins. 410073) 


AB8TBACT 

Target  detection  and  tracking  under  strong  land  clutter  background 
is  of  key  importance  for  air-to-aurf ace  weapons.  At  the  operating 
frequency  of  millimeter  wave,  radar  targets  can  be  descri>>«  in 
terms  of  multiple  scattering  centers;  with  a  modest  bandwidth  of 
transmit^^ed  signal,  target  high  range  resolution  (BBB)  profiles  can 
be  obtained  from  received  data.  The  performance  of  target  detection 
and  tracking  can  be  enhanced  by  using  a  wealth  of  Information  about 
target  scattering  centers  provided  by  HBB  profiles 

INTBODUCTION 

The  widespread  application  of  millimeter  wave  technology  in 
military  systems  has  become  recently  possible  due  to  the  rapid 
progress  In  the  MMW  hardware  development.  One  typical  application 
is  millimeter  wave  terminal  precision  guidance  which  use  wideband 
technology  to  obtain  range  resolution  much  smaller  than  target 
length.  Under  high  range  resolution  cireumstanoe,  not  only  does  the 
capability  of  traditional  methods  of  point  target  detection  and 
tracking  become  ambiguous,  but  how  the  data  should  be  processed  does 
as  wall.  In  our  work  summarised  in  this  paper,  we  present  a  novel 
method  of  target  detection,  tracking,  angle  and  velocity  computation 
based  on  HBB  profiles. 

LFMCW  MILLIMETER  WAVE  BADAR  HBB  PROFILES 

Asumme  the  transmitted  signal  has  a  linear  frequency  sweep,  t  is 
time  varaiable  and  t,.  elapses  since  the  start  of  the  nth  sweep,  then 

t-nvTp4t,  (0<  t.  <  T,.n-0.1.2.  - )  (1) 

The  transmitted  signal  can  be  expressed  as 

Oi(n,t»)-A«eos(3  n  vlfo  +  iA  F/(lTp))*t.)*t.4 ®  .) 

(0<t.<Tp)  ~  (3) 

where  Tp  Is  sweep  period  and  A  F  is  sweep  bandwidth.  At  the 
operating  frequency  of  millimeter  wave  fo  ,  targets  sise  is  much 
larger  than  a  wavelength.  A  target  can  be  described  as  composed  of 
M  scattering  centers,  the  mth  scattering  center  has  Intlal  slant 
rang  B.  and  radial  velocity  V»,.  Assuming  that  demodulation  of  the 
received  signal  is  achlvad  by  mixing  with  the  transmitted  PMCW 
wsveform  and  the  observation  time  N*  Tp  is  small  enough,  the 
demodulated  component  can  be  writtern  as  follows: 
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x(a.t.)-2  A.,.coi2it  (KA  F/Tp).(*B^/C)-fo(*V«/C)  J  .t. 


-fo(*V^/C)*iiTp  +  fo(*B,/C)-(*A  P/Tp)*(B^/C)*}  (8) 

Over  on«  iwcap,  a  ta  eoaataat,  aad  fanarallp,  fraquaae;  dlffareaea 
eaaaad  by  A  B^  (raage  diffaraaea  (ram  acattariag  eaatara)  ia  mueb 
larcar  thaa  that  cauaad  by  A  V^,  (e(2V«,/e)  tarm  ia  omlttad  aa  a 
aoBtant  areor.  thaa  (3)  caa  ba  writtaa  aa  followa: 

x(t»)-I]  A^*eoa(2  n  •(^•t.^e  (4) 


f-,-(A  P/Tp).(2B^/C)  (5) 


Tha  paaka  of  PFT  data  of  aamplad  damodnlatad  aipaal  giro  roaulta 
of  raaga  B^  aad  tha  apacial  diatributloa  of  targat  acattariag  along 
raaga  azia  ia  which  oallad  raaga  profilaa.  Banga  raaolution  of  PFT 

ia 

A-C/(2AP)  (6) 

HBB  PBOFILBS  DBTBCTION  THEBOY 

Bigh  raaga  raaolution  ia  affactira  aolution  to  targat  dataction 
uadar  atrong  laad  eluttar  aad  aoiaa  background. tha  highar  raaolution, 
tha  fawar  eluttar  and  noita  anargy  la  In  tha  raaolution  call  of 
intaraat.  whan  A  !■  otueh  aaallar  than  targat  laagth,  although  targat 
anargy  ia  alao  diaparaad  in  diffarant  call,  yat  not  uniformad 
dlaparaad.  Targat  anargy  ia  mainly  concantratad  into  range  calla  of 
atrong  acattariag  canter8,aa  8/J  ratio  of  atrong  acattering  centara 
calla  la  further  incraaaad  than  the  areragad  8/  J  ratio. 

Improvemamt  of  detection  performance  ia  azpected  with  eraphaaia  on 
atrong  acattering  cantera. According  to  the  data  provided  by  Currie 
[llaad  Edward[2],  a  S/J  ratio  of  greater  than  8  db  in  atrong 
acattering  centara  cella  will  be  expected  for  guidance  application 
when  A  <  0.3  meter. 

1.  m/N  Detector 

N  ia  aelacted  according  to  the  maximum  poaaible  targat  length  A  B, 
m  ia  aelacted  appropriately  according  to  the  poaaible  number  of 
targat  atrong  acattariag  cantera. Every  apactrum  line  of  FPT  output 
ia  detected  with  CFAR  F^,  if  there  are  more  than  m  alarm  apectrum 
linaa  among  N  continuoua  apactrum  linea, targat  ia  deteetad. 

2.  Intargrated  Banga  Call  Detector 

Seriea  {y,}  ia  conatructed  according  to  PFT  output  {X,}: 

y.-(  I  I  Xj  I  )/  Nx  (7) 
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Ni  ia  aalaetad  aeeordiag  to  aproad  lino  anakor  of  oaa  atroag 
aeattaring  eaatora.A  CAFB  dataetar  caa  alao  ka  aaaatruotad  kaaad  on 
aariaa  {yt}. 


Simulatad  raaulta  abow  that  iatargratad  raaga  call  dataetor 
prorida  batter  parforaanca  thaa  aingla  raaga  oall  dataetor. 

a.  Target  Diaerlminator 

Blimiaation  of  atroag  target-llka  oluttar  raturna  will  ba  azpaotad 
by  uaiag  aona  apatial  feature  algorithm  baaed  oa  HBB  profilaa,  auch 
aa  apatial  axtaat  diacrlmiaatioa  and  eoataztual  feature 
diacrimiaatioa. 

BBB  PBOFILSS  TBACKINO  THBOBT 

Target  raaga  canter  poaltioa  Be  can  ba  aatimatad  from  FFT  apaetrum 
paaka.  Ba  ia  uaad  to  eoatrol  the  local  frequeacy  of  aoma  mixer  ao 
that  the  eaatar  of  range  tracking  window  ehaagaa  in  accordance  with 
change  of  Bo 

Target  angle  ia  maaaurad  by  maana  of  amplitude  information  of  HBB 
profilaa.  Aaauming  the  receiving  radar  beam  direction  ataya  at  A.B.C, 
D  which  haa  aximuth  and  elevation  anglaa  of  (a  o-A  a  o)»(a  a 

P  o),  (  a  o.  P  o-A  g  ).  (a  a.p  o^A  p  )  .the  tranemitting  beam  direction 
ataya  at  0  with  anglaa  a  o  and  p  a.  than  the  anglaa  between  aignal 
direction  of  the  mth  acattering  centera  and  receiving  beam  axis  are 
given  by  the  following  equation: 

coa6  t.-ainp  aln^  i4eoa^  •  eoap  i'  eoa(a  ..-a  i) 

(i-A.B.C,D)  (8) 

where  (a  i.p  i)  are  anglaa  of  poaition  i.HBB  profilaa  at  A,  B,  C,  D 
will  give  the  amplitude  of  the  mth  acattering  eentar:uta>.tban 

u.«ocF(0,«,)  1-A,B,C,D  (9) 

where  F  (•  )  ia  beam  pattern  of  receiving  antenna. (9)  and  (  8)  can 
give  Bolution  of  M  acattering  centera: 

(o  1.3  l)t(a  Mtp  *)•  .(a  m) 

The  performance  of  angle  meaauring  and  tracking  la  improved  due  to 
high  range  reaolution  becauae  (1)  Target  angle  can  be  aatimatad  by 
aeveral  atroogeat  acattering  centera,  weak  acattering  celia  are 

omitted,  that  decraaaea  error  caueed  by  clutter  and  noiae,  (2) 
Interference  among  acattering  canterj  ia  deereaaed  that  dacreaaea 
target  glint,  and  (3)  Target  angle  eatimation  ia  an  average  of 
mutiple  acattering  centera 

VELOCITY  COMPUTATION  BASED  ON  HBB  PBOPILBS 

N  FMCW  Sweepa  give  N  HBB  pr  of  ilea  {X  (n.i).n>0.1,*- ,N-l,i-0,l,'-  ,L-1 ) . 
for  target  range  cell  i, compute 

V(k.l)^E  X(n,l)  .  exp(-j2n  •  n-  k/N)  (10) 


•  448 


Wtmm  Mtiatieo  1»  •m.my  to  abow  that^  tko  ^oaka  of  Y  ayootroa 

aa«  aaar  to  oalaaity  eall  k«, 

ko— N  .  fo  .  (SVo/C)  .  T, 

wkara  Vo  la  tha  radial  ▼aloolty  of  tarfat.Furtborl7>a4uatlon(lO)  baa 
valoelty  raaolution 

A  ▼-C/(2  .  £o  •  N  •  T^)  (n) 

At  MMW  fraquaaey,  fa  la  hlgbar,  for  the  aaaia  A  r,  tba  raquirad 
obaerratioB  tlma  will  ba  laaa.  It  la  poaalfala  that  high  raaolutioa  of 
both  ranga  and  valocity  abould  give  two  dimanaionai  iaiaga  of  targat. 

SUMMARY  AND  CONCLUSION 

The  uae  of  widaband  LPMCW  ailliaiatar  wave  ieada  to  better 
dataetion  and  tracking  perf oraanca.Tbe  kap  tachnlquaa  involvad  are 
A)  Ualng  widaband  wavaform  to  atiaulata  targat  acattaring  cantara 
information;  B)  Ualng  vary  high  apaad  ona  or  two  dimanaionai  PFT 
proceaaor  to  obtain  range,  angle  and  velocity  of  target  acattaring 
eantara;  C)  Information  ayntheala  or  fuaion,  of  multiple  acattaring 
cantara. 
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ABSTRACT.  A  model  by  Cole  (1976)  was  adapted  for  the  South-Western  region  of  Poland 
(51  “N)  to  calculate  the  longwave  radiation  around  buildings  at  different  angles. 
The  predictions  was  validated  with  a  sat  of  measurements  performed  during  summer  and 
winter  on  a  building  at  four  angles  of  surface  inclination,  and  under  overcast  and 
clear  skies. 


INTRODUCTION 

Various  empirical  models  describing  the  longwave  radiative  environment  around 
buildings  have  been  developed  for  horizontal  surfaces  .  This  limitation  excludes 
pitched  roofs  and  walls.  The  existing  models  (Berdahl  and  Frombarg,  1982;  Idso  and 
Jackson,  1969;  Roach,  1955;  Swinbank,  1963;  Unsworth  and  Montelth,  1971)  was 
empirically  verified  mostly  for  clear  sky  conditions,  rather  than  for  cloudy  skies 
and  different  levels  of  air  pollution.  Cole  (1976)  proposed  a  simple  empirical  model 
for  calculation  cf  longwave  radiation  incident  on  surfaces  at  all  angles,  from 
horizontal  to  vertical.  The  model  was  modified  numerically  to  suit  the  local 
conditions  In  the  South-West  region  of  Poland.  The  aim  of  this  paper  to  compare 
measurements  obtained  under  a  range  of  conditions  with  the  modifieo  wOle’s  model, 
and  to  discuss  it’s  applications. 


METHODS  AND  RESULTS 

The  longwave  radiation  R(a)  incident  upon  a  surface  inclined  at  an  angle  a  Is  a  sum 
of  the  atmospheric  R  (a)  and  ground  radiation  R  (a)  (Cole,  1976).  The  atmospheric 
component  is  given  by;*  ® 

R  (a)  =  R  k  +  b  k,  o  T  *  (1) 

A  A  1  Z  a 

where:  R^  Is  the  atmospheric  radiation  incident  upon  horizontal  surface,  Wm”^, 
k  ,  k  are  coefficients  dependent  on  Inclination  of  the  surface, 

12  t; 

b  Is  a  coefficient  representing  weather  conditions, 
a  Is  Stefan-Boltzmann’s  constant,  5.67  *  10~®  w  m“^K~*, 

T  Is  the  air  temperature,  K. 

a 

The  ground  component  Is  given  by; 


R^(a)  =  R^  s1n^(a/2) 

G  G 

where  R  Is  the  ground  radiation  In  wm~^. 

c 


(2) 


Cole  (1976)  published  values  of  all  coefficients  for  different  angles  of 
Inclination.  For  the  purpose  of  this  study  values  of  R  and  R 
was  numerically  naxllfied.  Using  equations  (1)  and  (2)  with  the  ^  modified  ^ 
coefficients  the  values  of  longwave  radiation  were  computed  for  four  angles  and  two 
seasons.  These  were  compared  and  correlated  with  measurements  obtained  on  a  building 
in  Wroclaw  (Si  ‘’N).  Figure  1  presents  data  for  winter  conditions  when  the  longwave 
radiation  was  measured  In  the  range  from  180  to  340  Wm”^,  with  the  highest  values 
for  an  overcast  sky  for  all  angles. 
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Flg.1.  Comparison  of  longwave  radiation  Incident  upon  surfaces  Inclined  at  0* 
(horizontal),  30°,  60’  and  90“  (vertical),  for  winter  conditions  with 
clear  and  overcast  skies,  as  calculated  fran  the  modified  Cole’s  model 
and  measured  in  Wroclaw  (51  “N). 

Figure  2  presents  the  comparison  for  summer  conditions  and  a  clear  sky  only.  The 
values  measured  In  summer  (from  200  to  450  Wm  were  higher  than  in  winter  and  were 
also  dependent  on  the  angle  of  Incidence. 


DISCUSSION  AND  CONCLUSIONS 

The  measured  and  calculated  values  of  longwave  radiation  agreed  for  all  angles  of 
inclination  and  weather  conditions-  The  best  statistical  correlation  was  found  for 
measurements  obtained  under  a  clouded  sky  (Figure  1),  As  expected,  the  measurements 
showed  that  longwave  radiation  from  an  overcast  sky  upon  surfaces  at  an  angle  Is 
almost  independent  of  the  inclination.  Foe-  clear  sky  conditions,  the  radiation  will 
be  higher  at  low  angles  of  inclination.  This  relationship  can  be  Important  for 
various  designs  of  radiative  cooling  systems.  Predictably,  the  highest  radiation 
intensities  for  clear  skies  were  measured  for  vertical  surfaces. 

Figure  3  compares  the  modified  Cola’s  model  and  the  present  data,  with  models  by 
Idso  and  Jackson  (1969),  Roach  (1955),  SwinbanK  (1963), and  Unsworth  and  Hontelth 
(1971)  calculated  for  horizontal  surfaces  at  a  range  of  air  temperatures.  For  clear 
sky  conditions  the  highest  correlation  was  found  for  the  tjodel  by  Idso  and  Jackson 
(1969).  For  winter,  the  agreement  is  not  so  good,  particularly  in  reference  to  the 
most  frequently  cited  Swinbank’s  model.  The  differences  between  the  two  models  were 
discussed  in  detail  by  Nowak  (1989). 
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Fig. 2.  Comparison  of  longwave  radiation  incident  upon  surfaces  inclined  at  0 
(horizontal),  30“,  60®  and  90®  (vertical),  for  summer  conditions  with  a 
clear  sKy,  as  calculated  from  the  modified  Cole's  model  and  measured  in 
Wroclaw  "N). 


Fig. 3.  Comparison  of  longwave  radiation  incident  on  horizontal  surfaces  in 
winter  and  summer  conditions,  with  clear  and  overcast  skies,  calculated 
from  the  modified  Cole's  model  (circles)  and  other  models  (lines)  for  a 
building  in  Wroclaw  (5i  ®N). 


4S3> 


For  an  overcast  sky,  the  modified  Cole’s  model  predicts  values  In  a  much  closer 
agreement  to  the  models  by  Unsworth  and  Montalth  (1971),  Roach  (1955)  and  the 
theoretical  relationship  for  the  black  body  model.  The  set  of  available  measurements 
for  an  overcast  sky  was,  however,  limited  to  a  narrow  range  of  air  temperatures, 
around  0  °C,  and  further  measurements  would  be  helpful. 

In  conclusion,  an  encouraging  agreement  was  found  between  the  Cole’s  model  adapted 
to  the  climatic  conditions  In  the  South-Westarn  region  of  Poland  and  a  set  of 
measurements  of  longwave  radiation  Incident  on  a  surface,  for  different  angles  of 
inclination.  It  will  be  important  to  extend  this  validation  to  a  much  wider  range  of 
geographical  regions  and  different  levels  of  air  pollutions  In  particular.  A  working 
model  for  calculation  of  the  longwave  radiation  under  various  conditions  is  needed, 
among  others,  for  modelling  of  various  components  of  the  heat  balance  of  buildings 
(Nowak,  1991)  and  their  dependence  on  the  physical  environment. 
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Integral  Operator  Expansion  Method(lOEM) ,  Singularity,  Electromagnetic 
I  Pulse(EMP),  Aperture 

ABSTRACT 

In  this  paper,  the  analysis  of  singularity  of  EMP  on  aperture  with  Fred¬ 
holm  Integral  Operator  Expansion  Method  is  discussed.  This  method  subs¬ 
titutes  infinite  field  on  the  aperture  with  finite  inner  product  to 
simplify  the  numerical  calculation  and  secure  the  accuracy  of  the  solu¬ 
tion,  It  is  also  proved  that  soluting  the  singular  diffraction  promblems 

with  IDEM  is  also  successful. 

1.  FREDHOLM  INTEGRVL  0PER,\T0R  EXPANSION  THEORY 

The  key  of  this  paper  is  Fredholm  Intergral  Operator  Expansion  Method- 
(IOEM).  Filht,  we  construct  an  operator  space  using  Fredholm  integral 
operator,  then  we  prove  further  that  this  space  is  a  dlvidable  Hibert 
Space.  We  define  the  linear  calculation,  inner  product  and  norm  in  it. 
According  to  Fourier  Expansion  Theory  in  Hibert  Space, we  expand  Fredholm 
integral  operator  with  orthonormal  sets  and  get  Fredholm  Integral  Operator 
tor  Expansion  Theory  as  following;  T ij 

For  any  x(s),  k(3,t}SL{r),  the  following  formula  is  true: 

t)x(t)dt*X  J|.Jp^(3*<^)J‘on(s.t)dsdt. 

Here  k(s,t)  is  the  integral  kemul  of  Fredholm  integral  operator  T  and 
kon(s,t)  is  an  orthonormal  set  on  P  .  Gemnerally,  the  kon(s,t)  can  be 
chosen  as; 

Eq.  (l)  can  also  be  applied  in  two  and  three  dimension  space.  By  using 
the  expansion  theory, we  can  directly  get  the  solution  of  the  second  type 


•4S5 


of  Fredholm  Integral  equation. 

2.  SOUJTION  OF  BMP  ON  APERTURE 


;¥e  diacuae  a  typical  problem  to  illutrate  the  uae  of  the  method.  The 
•problem  is  how  to  calculate  the  distribution  of  fields  when  EMP  penetra- 
!tes  through  aperture  into  a  two-parallel  plate  region.  A  two-parallel 
conducting  plane  with  an  aperture  is  shown  in  Pig.l  when  a  plane  wave 
incidents  on  it. 


%-(^f^^x+yE;y+SE^^)exp{-jk(oix^ey4rz)) 

We  can  get  the  following  integral  equation  about  the  field  E 
aperture  t 

I/aMsC?'  )g(?'/?)da'.$’/(  j,tr)*£ie 


S^exp(.jk{<2x^ay))+h 


on  the 


(3) 


where 


-V(r*  )-$.£« 
g(r'/?)-exp(-jkjr-r«|  ) 


fi-h^$+hyY 

and 

To  solve  Eq.~T3^  by  with  EEM',  one  often  expands  MS  as  followingi 

Mg^"’^(r)k"’  (4) 


,Vnd  subsltutes  Eq,  (4)  into  Eq.  (3)  to  get  the  coefficients  Ms  (m)  .  Fi¬ 
nally  one  substitutes  Ms(r)  into  the  following  equation  to  get  the  dis¬ 
tribution  of  field  in  the  two-parallel  plate  region. 


E-^— J/m, 


'D*G( r'/ r)ds 


(5) 


Actually  sometimes  E*-^or  Ms->6^n  the  the  edge  of  the  aperture.  Several 
problems  are  caused  by  it.  First,  whether  Ms  in  all  singular  integral 
equations  can  be  expanded  in  the  form  of  Eq.(4)?  Second, whether  is  there 
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only  finite  number  of  coefficient  M  in  Sq.(^)^  Tliird.how  can  wo  decide 
the  number  of  those  coefficients?  These  problems  make  it  difficult  to 
secure  the  accuracy  in  the  numerical  calculation. 

If  we  apply  Fredholm  Integral  Operator  Expansion  Method,  wo  can  get  the 
following  result  from  the  integral  equation  (3): 

Wh,r.  °n-/A^A/g(  ?■  /?)  ?.  /?)d.d.  ■ 

f  ■h+  { l2y  jkr )  HE  ^  e  V ) 

0 


Eq.  (6)  can  bo  proved  to  be  finite  vlth  singularity  of  on  the  edge. 
Sirailarlly,  applying  operator  expansion  theory  in  Eq.  (5)i  we  can  get: 


-£j  Ajj^^V^G(r'/r)*rj?T?3d»ds'.k^^l(r) 


Substituting  Eq.  (6)  into  Eq.  (7)  we  can  get  the  distributions  of  field 
in  the  two  parallel  plate  region. 


The  key  of  this  method  is  to  calculate  the  singularity  with  the  finite 


*  instead  of  the  infinite  Ms  By  the  way  we 
singularity  of  E*  on  the  edge  and  secure  the  accuracy  of  the 


solve  the 
solution . 


3.  CONCEUSTION 


It  can  be  seen  that  lOEM  is  suitable  for  the  calculation  of  the  field 
distribution  of  EMP  on  the  aperture  plane.  The  further  reaserch  shows 
that  it  is  also  successful  to  treat  the  diffraction  problems  with  the 
same  singularity  by  using  IDEM. 

REFRENCE: 

1  Kama  Huang  :  "  Sloution  of  Fredholm  Integral  Equation  Using 

Expansion  of  Operator  " 
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A  function  of  Lateral  Inhibition  apectriun  and 
Neural  Networks  in  heat  image  handler 

QIAN  Yi  *30072 

{Dept,  of  Spice  phyeiacs  Wahan  Uniyeraity,  Itthan  430072,  China) 
ABSTRACT: 

The  hnnsan  brain  and  riaion  ayatema  ia  the  moat  complicated  intellectual 
information  proceaaing  ayatema  in  the  world  that  timely  proceaaea  a  large 
amount  of  apacial  and  temporal  information.  The  knowledge  of  riaion  mechaniam 
and  ita  atrnctnre  will  be  helpful  for  the  atudy  of  image  identification  and 
image  underatanding,  for  the  atudy  of  robot’  a  Tiaion  and  neural  network.  This 
article  intenda  to  improre  the  image  formation  quality  of  forward  looking 
Infra-red  by  applying  the  apectrnm  function  of  lateral  inhibition  of  the 
human  eye  to  light  and  electricity  mixture  ayatema,  ao  aa  to  meet  the 
requirement  of  good  electromagnetic  weapon  ayatem  for  quality.' 


Infrared  heat  image  inatrument  ia  the  product  of  the  aeriation  to  the  preaent, 
called  the  producta  of  the  third  generation.  Becauae  it  ia  a  kind  of  paaaiTe 
night  riaion  inatrument,  it’ a  working  method  ia  concealed,  not  eaay  to-be 
detected.  It  can  be  need  in  all  kinda  of  weather  all  time,  and  ia  able  to 
penetrate  through  rain,  enow,  fog  and  ha.e.  Beaidea  the  diatance  of  effect  ia 
far.  Being  electronic  wares  aent  out  by  the  objects  themaeirea,  it  has  an 
outstanding  merit,  i.  e.  ia  can  detect  diaguiae  easily.  It  can  detect  hidden 
tanka  and  cannons  in  diaguiae,  engines  started  or  not  started,  eren  being 
traced  to  heat  images  of  planes  or  fighting  rehiciea  that  bare  just  isft  the 
spots. 

Howerer,  the  difference  of  temperatures  between  the  military  target  and  its 
background  and  between  the  parts  of  the  target  ia  rather  ama'.l,  so  hot  images 
are  not  rery  clear.  There  is  little  contrast.  It’s  hard  to  see  the  details 
clearly.  Considering  the  above  demerits,  the  anthor  of  the  present  thesis 
builds  a  mathematics  mould  of  riaion  spectrum  through  a  Fourier  integral  of 
non-circle  function.  The  anthor  points  out  that  there  is  an  effect  of 
eroaawiae  inhibition  in  obtaining  information  for  the  human  rision,  which 
means  the  greater  the  amount  of  information  rereired,  the  greater  the  need 
to  outstand  the  important  parts  to  enlarge  contrast  and  make  the  parts  be 
memorised  mord  distinct.  For  human  brain  and  riaion  ayatem,  this  process  is 
one  that  pre-proeesaea  information  apontaneoualy. 


Tile  following  is  tlie  limited  line  of  sine  watea  eoaiiiti&g  of  2N  sine  waves 
(N>any  Re  of  0,5).  For  conveo ieoce,  let  H  be  positive  integer; 
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If  we  change  the  above  Space  Axis  I  into  Time  Axis  T,  and  change  space 
periodic  length  21  into  time  periodic  T  at  the  same  time  (  Thna  ^  /  1  i* 
change  to  circnlar  frequency  too),  we  can  express  it  in  another  Fourier 
integral; 
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To  study  the  spectrum  of  this  limited  line  of  sine  waves,  because  f(t)  is  odd 
function,  it  can  be  expressed  in  Fourier  sine  integral. 


Fig.  1  Restrictable  sine  wave 
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At  vitk  Ue  L’Hoipitil  rile;  ve  eu  g«t  «  ipeetrin  diitribitiaa 

diagrta  ef  axial  ajimetrf  with  oo  ai  tke  peak  valaa. 


Fig.  2  A  Fanetion  of  Lateral  lakibitioa  speetraa 

From  tkio  ipeetrtun  matkematicB  moald  bj  creation:  «e  can  eoaeUde  tkat  in 
feeling  and  receiring  ootaide  information,  knman  riaion  ipatem  ii  different 
from  eameraa.  rather,  it  ia  a  receiving  proceea  tkat  apeeiallp 
deaignated  ckoicea  between  apeetrum.  From  tke  mathematic  monid,  we  can  aee 
that  where  the  difference  between  the  two  aides  ia  (Oo/  2N,  function  image 
dropped  to  zero.  We  can  safely  aasnme  that  spectrum  ia  gathered  in  the  scope 
of  (i>o/2N  around  <00  the  left  and  right  aides.  The  bigger  the  N  value, 
even  as  the  greater  tne  amount  of  information,  the  narrower  the  frequency 
band  around  crest  uo.  The  adaptive  effect  of  human  vision  system  in 
receiving  information  completely  suits  the  memory  principle  of  human  brain. 
To  memorise  a  complicated  image  information,  the  human  brain  must  first 

choose  the  main  characteristics  of  the  image  to  give  precedence  to  deal  with 
spectrum. The  pre-  processing  connects  with  the  neural  network  of  the  brain 
is  the  way  of  feedback.  It  ia  also  related  to  the  original  reserved  samples 
of  “cell  crowd”  in. the  human  brain.  Based  on  this,  thesis  tries  to 

realize  vision  neural  network  spectrum  circuit  through  the  exchange  of 
discrete  hartley  and  to  apply  it  to  the  part  of  circuit  of  hot  formation  of 
image.  The  detecting  machine  turn  the  strong  and  weak  signals  of 
infrared  radiation  intyo  corresponding  eiectric  signals,  which  enter  the 
vision  spectrum  neural  net  circuit  after  being  enlarged  properly. 

After  the  adjustment,  the  frequency  with  the.^.  highest  range  is  takenas  the 
spreading  central  frequency  u  0,  which  formed  fiitered  limiter  of 

electromagnetic  wave.  Scanning  electric  signals  pass  the  filtered  limiter 
to  be  sent  to  light-diode  forming  images  after  enlargement.  Because  the 
size  of  N  value  can  be  adjusted  by  the  filter  waves  effect  caused  by  the 
distance  and  quality  of  objects  and  bad  weather  and  general  training 
obtained  from  the  wathing  of  objects  at  night.  In  each  handled  image,  tke  * 
vitals*  part  of  the  objects  become  brighter,  while  tke  brightness  gradient  of 
tke  otker  parts  attenuated  quickly.  The  background  not  related  to  the 
objects  can  be  inhibit,  ao  tkat  tke  contrast  be  come  greater,  tke 


objteti  diiHaetfiaii  Uereiae  tad  aakaaea  tka  tbilikj  to  diatiaftlak  tka 
dataila.  Baeaaie  tka  eireiit  of  'tka  aearal  aet  ii  eapabia  of  aiaaorj,  it 
eta  raaiember  eartaia  ekaraeteriitiea  of  tka  objeata  aftar  tka  taaal  traiaiag 
aitb  diffaraat  objeata.  It  eta  adjaat  certaia  ragao  iaiagea  ia  bad  vaathar. 
It  eaa  alao  ba  applied  to  iaiproTe  tremaloaa  iaiagaa  of  tka  tkenaai  ioagiag 
ayateaia  vitk  vekielea,  akipa>  plaaea  traobliag. 

REFEEENCES: 
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akaraater iaticB  of  tka  am  wave  ia  tka  Ataoapkere,  ’  Seieace  AekieTeoeat 
CoBipilatioa  of  fakaa  OaiTeraitj.  1981-1986. 

(2}  A.  D.  Cnlkaae,  U.  C.  Peeterar,  C. E. K.  Marrian,  *A  aearal  aet  Approaek 
to  Diaerete  Hartley  aad  Foarier  TraaaforaiB,  *  IEEE  Traaa.  Oa  CAS,  VOL, 

36.  ao,  6,  1989,  696-702. 

[31  J,  H.  Lloyd,  'Tkeraial  Imagiag  Syatems’  pleaaa  press  1975. 
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APPLIC^ATION  OF  MILLIMETER-WAVE  RADAR 
IN  THE  TRAJECTORY  MEASUREMENT  OF  GUNg 


Zhang  Guang— Jin  and  Shun  Xiang-Wen  and  Wu  ^1-Cuane 
(East China  Institute  of  Technology) 


NTROOUCTION 

Trajectory  measurement  is  of  great  importance  in  the  rasearch  of  balliatica 

as  well  as  in  the  development  and  manufacture  of  new  weapons.  Tt  is  also 
indispensable  for  the  aging  test  of  guns  and  ammunitian.  The  goal'  of 

trajectory  measurement  is  to  obtain  the  motion  principle  of  the  ball.  Ae  the 
trajectory  can  be  divided  into  two  parts,  that  Is  the  interior  trajectory 

which  is  from  tfie  beginning  point  of  motion  to  the  and  of  the  barrel,  and 

the  exterior  trajectory  which  is  out  of  the  barrel,  the  tratactory  measurement 

also  inculdes  interior  trajectory  and  exterior  trajectory  measurement 
respectivalv.  The  methods  of  interior  trajectory  measurement  used  nowdays  are 
rather  out  of  date,  some  of  them  even  have  been  used  since  1  SCO's  Among  tt>e 
disadvantages  remain  unsolved  for  a  long  time,  the  common  problems  in  those 

methods  are  the  ooor  accuracy  and  complicated  operation. 

At  present,  ihe  best  way  for  trajectory  measurement  is  by  applying  radar 
Besides  its  appreciated  simplicity  and  ganeraiity  in  operation,  high  accuracy 
can  be  provided  by  the  method  VVliat  is  more,  the  measurement  does  no  harm  to 
the  gun,  for  there  is  no  contact  with  the  gun 

Presented  in  this  paper  is  a  millimeter— wave  radar  system  we  have  developed 
for  both  interior  and  exterior  traiectory  measurement  The  principle  and 
constitution  of  hte  system  are  introduced  Results  ot  practial  test  are  given 


FUNDEMENTAL  PRINCIPLES 

The  operation  of  the  mrr’-wave  radar  system  for  trajectory  measurement  may  be 

oescribed  with  the  aid  or  the  block  diagram  shown  in  Fig.l  The  mm-wave 

oscillation  generated  by  the  transmitter  is  fed  through  a  circulator  to  the 

antenna,  where  it  is  radiated  into  space  A  portion  of  the  transmitted  signal 
is  intercepted  by  to  target  which  is  the  ball  within  the  berrel  and  is 

reradiated  into  space  The  antenna  receives  the  returned  energy  and  turns  it 

to  be  the  echo  signal.  Therfore,  there  are  two  signals  out  into  the  mixer 
through  the  circulator  One  is  the  echo  signal  Ur  and  the  other  is  the 
bansmitted  signal  Ut  leaked  as  a  reference,  With  the  motion  of  the  ball 


within  ths  ibenrl,  a  >  sequence  of  maximum  or  minmum  in  amplitude  occurs 
aitarnativeiy  jin  the  output  signal  of  the  mixer.  The  Pme  when  the  .  maximum 
or'  minmum  occurs  correspands  to  the  ball's  position  where  Ur  travels  longer 
than  Ut  at  the  distance  n/2  or  {n+1/2)/2.  respectively,  where  n*0.1.2, 
and  is  the  wavelength  in  free  space. 


Bail  Barrel 


Fig.l  A  block  diagram  radar  and  interior  ballistics  measurement 

The  output  signal  of  the  mixer  is  the  doooler  signal.  The  frequencv  of  the 
signal  is  decided  by  the  velocity  of  the  ball.  As  shown  in  Fig. 2.  the  typical 
doppler  signal  in  interior  trajectory  measurement  is  freouency  modulated  Sine 
wave,  where  the  variatians  in  the  frequency  embody  the  change  in  the  ball's 
motion. 


Fig. 2  Wave  of  interior  ballistics  Doooler  signal 

The  doppler  signal  must  be  processed  in  order  to  obtian  the  law  of  the  bait's 
motion.  The  signal  is  amplified  at  first  and  certain  circuits  are  used  to 
reject  various  interference  such  as  the  interference  generated  by  the 

oscillation  of^  the  gun,  the  rotation  of  the  recoil  and  the  ball.  Then  the 
doppler  signal  is  transformed  into  a  ^numerical  signal  by  A/D  transformation 
and  stored  in  computer.  Finally,  a  FFT  is  applied  by  the  computer,  and  the 

relationship  between  the  velocity  V  and  the  time  t  is  therefored  derived,  and 

the  interior  trajectory  measurement  is  completed. 

As  the  extenor  trajectory  measurement  is  concerned,  the  antenna  should  be 
turned  to  direct  the  ball's  flying  trace  in  the  space.  The  above  processing 

can  also  be  applied. 

The  flash  detector  suppiise  acontrol  signal  for  A/D  transformer  according  to 
the  flash  generated  at  the  moment  when  the  ball  bursts  out  of  the  barrel.  This 
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signal  indicates  the  beginning  tor  the  oxtcnor  Trajectory  measurement  and 
the  end  for  the  interior  traiectory  measurement. 


THE  OPTIMAL  WAVeucNGTH 

The  berrel  can  be  treated  as  a  section  or  cylinder  waveguide  by  its  function 
in  wave  transmission  The  wavelength  m  waveguide  is  given  as 


while  X— - wavelength  in  free  soace 

- evanescent  wavelength 

d— . — —diameter  nf  the  berrel 

Jmn— — nth  root  in  m  order  bessel  function 

I  he  wave  can  be  transmitted  by  me  waveqiiifle  i  e.  the  berrel  only  the 
condioon  is  satisfied.  Ttie  evanescent  wavelengtfi  is  deoended  on  the 
waveguide  modes  as  shown  ir  .-ig  3 


i'lg  3  Distribution  or  wavelcngrti  curo‘* 

if  ttiu  waveiengtfi  is  ciiosen  to  meet  ti.e  condition  only  one  mode  which  is  H!1 
mode  here  will  be  transnirtcd  while  other  mndee  are  evanescent  Such  sigle 
mode  transmission  will  lead  to  tiie  best  waverorm  and  accuracy  in  measurement, 
sc  the  .vavclcngth  winch  mcc:  thr  jfao’,  c  condition  is  dctincd  a:,  the  oottnal 
waveiengTh.  llie  nrinnai  waveleng'h  i;offes''oiu1ifuj  to  dirrerent  diamerer  nf  the 
beirei  is  listed  in  die  loliowiny  lauie 
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i-or  dinareiit  diameter,  a  radar  designed  at  the  uotimal  wavelength  must  have 
diffarcr:  ncaueocy.  whicii  will  largely  coriiuilcate  the  structure  o*  radar 
dy  caretully  chosrng  the  wavelengrh,  sarisfictl  genoratiTy  has  been  acquired 
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tr  the  aigte  treouencv  radar  system  Though  the  wavelength  m  nr*  oon-  a 
one  mode  is  still  domaint  compared  with  other  modes,  under  such  case  and  ttie 
accuracy  also  meet  the  reauiremont  with  a  deviation  of  about  0  1mm1%  hoi 
B.  1mm  barrel,  the  wavelength  of  radar  is  8.6mrr 


TEST  RESULTS 

1.  Interior  Trajectory  Measurement 

interior  .trajectory  measurement  is  carrted  out  with  6. 8mm  rifle.  7.62mm 
Bub-machinogun  and  14.5mm  antiaircraft  artillery  For  every  gun. TO. 23  and  11 
balls  are  shot  once  resoectivelv  in  the  test  AH  of  the  measurement  are 

completed  with  satisfactory  results.  The  wave  form  of  doppler  signal  stored 
by  the  oscilloscope '  is  regular  without  deformity,  as  that  shown  in  Fig. 2  The 
measured  curve  of  velocity  veraue  time  is  also  in  agreement  with  Lie 

theoretical  computation 

2.  Exterior  trajectory  Measurement 

The  exterior  trajectory  measurement  is  carried  out  with  4.6mm  gas  gun  7.62mm 

rifle  and  14  5mm  antiaircraft  ortiUery.  The  results  are  also  satisfactory 
The  measured  initial  velocity  agrees  with  the  demarcate  oi  the  guns  The  wave 
form  stored  by  the  oscilloscooe  is  a  regular  heauenev  mtiduiated  sinusoid 

wave,  signal-to-noise  ratio  decreases  with  the  increase  o*  the  distance.  By 

A/D  transform  and  other  computabon.  curves  of  exterior  bajactoxy  are 
acquired  According  to  the  measured  data  and  curves,  the  ratio  of  the  radar 

active  distance  R  to  the  diameter  d  of  the  ball  can  be  evualated  as  that  is 

die  radar  active  iistance  is  larger  then  bie  diamtci  by  9000  times. 


CONCLUSION 

As  introduced  in  the  above,  the  results  of  trajectory  measurement  we  obtained 
by  appiying  mm-wavc  radar  arc  ouitc  satisfactory.  The  data  of  multiple  shots 
have  good  repeatability  and  are  in  agreement  with  the  theoretical  trajectory 
Meanwhile,  the  waveform  is  clear  and  correct  as  expected 

The  method  of  trajectory  measurement  using  mm— wave  radar  has  many  outstanding 
advantages  superior  to  other  methods,  and  is  worth  of  much  mors  development 
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OHIVEP.se.  HUMftH  3EIHG  .AHD  MILLIHETER  '.’AVE 

Fujian  Lisht  Industry  Institute.  China 
Huang  Venznou.  Mao  Fucheng,  Hong  Jinzhen 


ABSTRACT 

I.n  the  cosaic  2.7k  background  radiation  field,  the  strongest  is  MMW  radiation.  There  is 
also  correlative  discovery  of  the  HMV  energy  crest  in  Chinese  Chikung  eaanation.  It  will 
surely  have  great  influence  on  knowledge  of  origin  and  process  of  life  in  universe. 

1.  Energy  crest  of  ailli^eter  wave  found  in  Chikung  eaanation 


In  August  1989,  Huang  'Jenzhou.  engineer  of  Fujian  Light  industry  Institute,  cooperated 
with  research  fellow,  Yang  Yufeng^  and  engineer,  Zhang  Huanghe.  both  working  in  Seai- 
conductor  Institute  of  CAS.  oeanwhile  with  Qu  Daxin  and  Zheng  'Veiouan.  senior  engineers  of 
Ho. 12  Research  Institute  of  Ministry  of  Machinery  A  Electronic  Industries.  P.R.  of  China, 
separately  tested  Chikung  eaanation  of  Lin  Hengxiang.  chairaan  of  Fujian  Bilinkung 
Research  Society,  and  Cheng  Linfeng,  chairnan  of  Beijing  Huiliankung  General  Research 
Society,  and  his  brother. to  find  out  that  there  were  ailllBeter  waves  fluctuating  with 
low-frequency  aodulation  in  Chikung  eaanation*  In  other  words, Chikung  eaanation  could 
have  an  effect  on  HH'*'  test  instruaents.  Test  results  are  as  follows^ 


Chikung  Eanation  of  Chikung  Master  Lin 


Sam  Vave 

4aa  Have 

Sam  *'ave 

I 

2aa  Have 

Max.  indication  on 
dynaaoaeter  ,  ,,, 
- 

very 

little 

4 

8 

0.1 

Max.  /oltage  indication 
on  detector 

(nVi 

0.5 

rising  to  11 
after 

Chikung  act 

NM 

Frequency  of  aodulating 
wav«  aeasured  by 
oscilloscope  (Hz) 

40-60 

80-125 

IIH 

NM 
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Chikung  Eianation  of  Chikung  Master  Cheng 


Baa  Wave 

4aa  Wave 

3aa  Wave 

3cb  Wave 

Indication  on 
dynaaoaeter 

1-2 

HH 

2-6 

0.04—0.54 

Indication  on  field 
strength  aeter  (aW/ci^ 

0.4— 0.7 

NM 

Frequency  of  aodulating 
wave  aeasured  by 
ogcilloscope  (kHz) 

100 

HK 

133 

HH 

In  addition,  energy  of  Chikung  eoanation  of  Chikung  laster  Cheng  brothers  vas  aeasured  to 
increase  slowly  along  with  rising  of  frequency  by  aeans  of  a  lOOHz — 40GHz  spectrua 
analyzer.  As  spectrua  of  the  MHV  is  broad,  its  integrad  energy  is  high.  In  the 
aeantiae. very  strong  3aa  wave  radiation  vas  aeasured  to  exist  by  Xian  Electronic  Science 
ii  Technology  University  when  a  aan  with  singular  ability  aade  tablets  pass  through  ^e 
vail  of  aedicine  bottle,  and  it  vas  stronger  than  the  8bb  vave  radiation  aeasured  at  the 
same  time.  Science  and  technology  workers  in  our  country  before  had  aeasured  that  in 
Chikung  eaanatlon  there  were  radiations  of  infrasonic  frequency  wave,  high-frequency 
electroaagnetic  wave  and  near  infrared-ray  etc.,  whose  energy  was  all  lower  than  that 
aeasured  by  Xi  '  an  Electronic  Science  &Technology  University  and  us.  To  sue  up.  a 
conclusion  could  be  drawn  that  there  are  various  radiations  whose  energy  crest  is  in  the 
MHV  band.  This  discovery  has  unfolded  before  our  eyes  though  it  is  still  to  be  proved  by 
aore  coaplete  and  coaprehensive  expert aent. 

2.  Origin  of  huaan  being  and  cosaic  nontheraal  background  radiations  at  that  tiae 

We  associate  the  discovery  of  aaw  energy  crest  in  huaan  body  field  with  the  iaportant 
finds  on  cosaic  background  radiation  by  Bell  laboratory  of  USA  in  1965,  for  energy  crest 
of  this  faaous  2.7K  radiation  is  also  in  HHW  band. Unless  there  is  undiscovered  cosaic 
radiation  field  of  energetic  neutrinos,  gravrtational  waves  or  other  unknovn  restless  aass 
particles. the  strongest  in  the  discovered  cosaic  radiation  field  up  to  now  is  aiorowave 
radiation  whose  wavelength  is  froa  1  to  IObb,  as  shown  in  following  figure. 
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U  separate  ridio  source 

2.aIcrov8ve 
3. infrared  ray 
4. optics 

5.  ultraviolet  ray 

6.  soft  X-ray 

7.  hard  X-ray 

8.  soft  ^-ray 

9.  hard  f-ray 


SpectruB  of  cosiic  isotropic  background  radiation 

The  .discovery  of  cosaic  2.7K  background  radiation  supports  the  sudden  expansion  theory  of 
origin  of  universe.  Life  couldn't  eaerge  froi  the  early  hot  universe.  Based  -on  Vien's 
blackbody  radiation  lav,  wavelength  As0.3/T*K.  Only  when. the  whole  cosaic  background  waa 
into  the  subail llaeter  wave  band,  could  huaan  coae  .into  being.  This  puts  forward  a  new 
aethod  to  deteraine  origin  tiae  of  huaan ‘being. .  It  could  be  said  that  huaan  had  aade  an 
indissoluble  bond  with  ailliaeter  wave  at  the  aoaent  of  origin. 


3.  Status  of  MHV  in  quantua  process  of  variation 

4.  Life  bodies  originated  froa  different  space-tiae  fields  and  evolved  separately 

5.  Regarding  that  life  lies  in  oscillation  froa  the  point  of  view  of  three  new  theories 


6.  On  the  active  treataent  of  disease 


7.  Invention  of  Chikung  Therapeutic  Apparatus  Using  the  Mlliiaetre  Waves 
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8.  Broad  spectrua  of  "Chi"  is  holographic  r^aains  of  cosaic  electroaagnetic  phenoaenon  at 
the  tiw  of  origin  of  huaan 

high-ordered  aacrography  quantua  effect  shown  in  Chikung  state  is  the  expression  of 
natural  huaan  beinjg.  Radiations  in  cosaic  field  are  of  various  freouencj.  whose  energy 
crest  is  of  MMV,  '&e  saae  is  true  of  radiations  in  huaan  body  field.  The  extremely  broad 
spectrua  of  "  Chi  "  is  exactly  the  holographic  reaains  of  cosaic  electroaagnetic 
phenoaenon  at  the  tiae  of  origin  of  huaan.  and  it  shifts  red  gradually.  Froa  "  Chi  "  ve 
can  see  epitoae  of  huaan  in  boundless  universe  and  relationship  between  thea.  A  wide 
variety  of  scenes  in  universe,  such  as  fixed  star,  neutron  star,  planet,  coaet,  life 
substance  and  aysterious  unidentified  objects,  and  so  on.  all  developed  froa  piasaa  cloud 
and  were  all  concerned  with  cosmic  emission.  The  broad  spectrum  radiation  in  '  Chi  ”  and 
information  transmission  in  plama  state  of  aeriolian  living  thing  both  lively  indicate 
that  human  is  the  eoitome  of  universe.  It  wons  more  admiration  that  life  bodies  amazingly 
continue  in  accordance  with  their  own  genetic  code.  Process  of  universe  is  irreversible* 
So  is  growth  of  human  being.  Just  as  universe  is  boundless,  thought  of  man  is  limitless. 
The  reason  why  human  and  universe  are  alike  so  much  that  they  both  came  from  mutation. 

The  important  discovery  of  cosmic  2.7K  backgrouno  radiation  prompts  us  to  search  for 
things  in  life  similiar  to  quantum  ’  remained  in  ancient  times  "  so  as  to  give 
informations  of  life  bodies  in  earlier  period.  This  is  the  basic  purpose  of  this  paper. 
The  cosmic  background  radiation  observed  by  American  scientist  in  1965  was  awarded  Kobe! 
Price  after  13  years — in  1978,  then  there  is  also  correlative  discovery  of  MMV  energy 
crest  in  Chinese  Chikung  emanation,  which  will  surely  have  great  influence  on  knowledge  of 
origin  and  process  of  life  in  universe. 


•470* 


Thl.8 


TESTING  SYSTEM  FOR  fflGH-ISOLATION  OF  MM-WAVE 
DARKROOM 

Wang  Donngjn  Li  Dunfu  and  Don  Yuanzhu 
(Univ.  of  Science  and  Tech,  of  China.  Hefei ,  China  . ) 


INTRODUCTION 

It  is  well  known  that  MM— wave  darkroom  is  important  to  study  and  test  MM— wave  system. 
Among  the  characteristics  of  the  darkroom  ,  isolation  is  one  of  the  key  factors.  Thus  during  the  pe¬ 
riod  of  the  darkroom  constructing  the  isolation  must  be  measured  carefully  before  putting  the 
MM— wave  absorber  on  the  wall ,  The  typical  value  of  the  isolation  is  about  1 10  d  . 

For  measuring  so  higher  isolation  ,  two  projects  have  been  considered  .  One  is  using  big  power 
MM— wave  transmitter  and  sensitive  MM— wave  detector ;  shown  in  fig.  1  .  Supposing  that  sensitivi¬ 
ty  of  the  detector  is  about  -55dB  and  gain  of  the  antennas  30  dB  (If  the  gain  great  than  30  db  ,  the 
MM-wave  beam  would  be  tco  narrow  to  receive  the  signal  casyly),  and  also  let  the  distance  between 
antennas  be  one  meter,  the  output  power  of  the  transmitter  should  be  several  handred  watts  accord¬ 
ing  to  the  calculation.  It  is  dilficulty  to  find  such  high  power  transmitter  in  the  country  at  present; 
and  it  is  impossible  to  use  so  heavy  and  large  transmitter  for  measuring  isolation  at  every  place  and 
comer  of  the  darkroom,  even  if  the  transmitter  could  be  found.  So  we  have  had  to  look  for  another 
testing  system. 


TESTING  SYSTEM  PRINCIPLE 

Based  upon  the  discussion  above  ,  it  was  realized  that  the  main  defect  of  above  -cited  project  tv 
the  relatively  low  sensitivity  of  the  MM— wave  detector.  As  we  know  that  the  sensitivity  of  the  rf 
ceiver  is  much  higher  than  the  detector ;  so  by  using  MM-wave  receiver  to  replace  the  detector  raa  • 
prove  a  suitable  method  to  meet  with  the  aim  ;  see  fig.  2 

At  the  measuring  scene,  the  distance  between  the  transmissing  and  receiving  2mtennas  is  about 
to  2  meters,  let  it  equal  2.  Also  let  the  antenna  gain  G  be  23  db  and  the  output  power  of  the  tranv 
mitter  19dbmw. 

The  transmission  loss  caused  by  passing  through  thfr  space  L  is  determined  by : 

L,  =20/g(^)  =  69.5di? 

Assuming  that  the  antenna  effectiveness  and  other  non-matched  loss  L  is  about  2  db  togetht 
and  the  isolation  of  the  darkroom  L  » 1 10  db,  thus  the  required  sensitivity  of  the  receiver  is 

5*Po+2G-i,,  -116.5dBmw 

On  the  other  hand ,  the  sensitivity  of  the  receiver  can  be  represented  as: 

S^F^,KTB 

If  db  and  (this  value  id  sufficient  for  effective  detecting),  the  band  width  of  the  retf 
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10  kkhz.  Such  band  width  is  suitable  for  the  video  spectrum  analyier  used  as  the  display  of  the 
testing  system.  Yet,  the  key  problem  is  that  the  if  frequency  must  be  stable  enough  to  keep  the  re- 
caving  signal  readable  in  the  spectrum  analyzer  during  the  tesung  period,s8y  two  or  three  hours. 
According  to  the  information  of  spectrum  analyzer  ,  HP  3S8S,  spand  width  is  about  100  kHz  with 
analysis  band  10  kHz .  It  means  that  the  total  frequency  shift  for  both  LO  and  RF  source  is  1 00  kHz 
.  The  compact  phase  locked  source  may  satisfy  the  requeirement ,  but  the  price  is  high  and  some 
what  heavier  in  weight  compared  with  the  cavity  stabilized  osdDator  (CSO).  As  for  econermic  think- 
ing ,  the  designer  would  choose  the  matched  CSO  pair  to  meet  with  the  requirments  . 

SYSTEM  DESIGN  AND  MANUFACTURE  RESULTS 


As  we  know  that  the  long  term  frequency  stability  states  as: 
_9/^  9/0  .1 
ar 


aT  '^'s'aT 


(4) 


where  S  =  1+Q  /  Q  is  frequency  stability  factor ,  and  Q  and  Q  arc  the  load  Q  factor  of  the  stabi¬ 
lized  cavity  and  unload  Q  factor  of  the  main  oscillator ,  respectively  af./aT  and  arc  the  fre¬ 
quency  variations  of  the  stable  frequency  cavity  and  the  main  cavity  containing  Gunn  dioder  been 
influenced  by  temperature  chang  .In  general  •fr /aT  is  much  larger  than^«/»  T  ,  so  the  S  would  be  as 
big  as  possible  to  reduce  the  value  ol*St/9T  .  The  method  is  not  only  good  for  frequency  shift ,  but 
beneficial  in  raising  the  short  term  stability  of  the  oscillator  .  After  One  adjusting  and  testing  .the 
diaracteristics  of  the  matched  CSO  pair  are: 
transmitting  source  output  power  :  19  dBi-w 

phase  noise  -68dBc/  Hz  (f,=  1  kHz) 

The  IF  frequency  shift  is  shown  in  fig.  3  .  It  is  dear ,  as  seen  from  the  curves  ,  that  after  half  a 
hour  of  preheating  the  testing  system  would  work  successfully  .  The  fin-line  balanced  mixer  with 
preamplifier  and  the  lens  antenna  are  adopted  in  the  system ,  the  characteristics  arc: 


noise  figure :  ^=4.5dB  (including  preamplifier) 
gain  of  IR  /  RF  ;  >  45  dB 

with  dynamic  RF  amplitude  range :— 45dBw:;; - llOdB.w 

anteima  gain :  23  dB 
first  side  lobe ;  <  -30dB 

The  testing  system  is  composed  using  the  devices  above  . 

TESTING  STEPS  AND  EXPERIMENT  RESUI.TS 


A)  Calibration 

1)  Open  the  door  of  darkroom  . 

2)  Mount  the  two  antennas  at  the  distance  2  meters  in  the  door  place  . 

3)  Using  MM— wave  precision  attenuators  in  both  transmission  and  recieving  parts  to  -replace 
the  isolation  of  the  darkroom  . 

4)  Reading  the  total  attenuation  value  of  the  two  attenuators  and  the  signal  amplitude  shown  in 
the  spectrum  analyzer ;  and  marked  as  Aand  R ,  respectively . 

B)  Testing 

1)  Qosing  the  door  of  the  darkroom  . 
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2)  Moving  the  two  parts  of  the  system  to  the  testing  point  in  the  same  distance  as  the 

calibration  condition . 

3)  Putting  the  total  attenuation  value  to  Ai 

4)  Reading  the  signal  amplitude  Rshown  in  the  spectrum  analyzer . 

C)  Calculation 

The  isolation  of  the  darkeoom  is  determined  by 

The  actual  measuremoit  results  shown  in  fig.  4  ,  the  isolation  of  the  darkroom  at  the  door  is 
1 18  dB  .It  is  a  very  good  result  for  darkroom  design . 
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REF  -35.0  dBm  MARKER  30  357  300.0  Hs 

10  dS/OIV  RANOE  -35.0  HBm  -75.7  dBm 


start  10  000  000.0  Hz  STOP  40  100  000.0  Hz 

R0M  5  KHz  VBW  300  Hz  ST  104-  SEC 


(a)  caJifcration  (A,*loodB) 


REF  -2S.0  dBm  MARKER  30  237  200.0  Hz 

10  dB/DJV  RAMGE  -25. 0  dBm  -flA.7  dBm 


START  10  000  000-0  Hz  _ 

R0W  3  KHz  V0W  300  HZ 


STOP  40  100  000.0  Hz 

ST  104  SBC 


(fc)  testing  (AanO) 
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AK  INVESTIGATION  ON  THE  RF  CHANNEL  COUPLING  AND  THE  RF 
SPACE  COUPLING  IN  A  MULTICHANNEL  MILLIMETER-fAVE  STSTEU 


Wang  Taoing 

(Lttojang  Optoeleetroaie  Inatitake,  P. 0.  Box  030-7  Laojang, 
Henan  471009,  P.R.  China) 


Abatraet 

Thie  paper  deaeribea  an  ezper iaieatal  inreitigat ion  on  the  Ka-band  RF 
naltiehaanel  system.  It  gires  an  experimental  result  of  the  RF  channel 
eonpling  and  the  RF  apace  coupling  in  different  conditions,  a  measuring 
method  ,  a  eonple  of  eqations  that  separate  the  RF  space  coupling  from 
the  RF  channel  coupling  as  veil  as  a  significant  conclusion  about  the  RF 
channel  eonpling  and  the  RF  apace  coupling  in  the  millimeter-vare  multi¬ 
channel  system. 

Introdution 

In  the  multichannel  millimeter-waTe  and  the  microware  system,  the  RF 
channel  coupling  and  the  RF  space  eonpling  hare  an  adrerse  effect  on  the 
sensitirity  and  the  precision  of  measurement.  It  is  an  important 
problem  that  has  pussled  the  engineers  in  microware  and  system  for  a 
long  time.  Especially  in  the  millimeter-ware  system,  this  inrest igation 
has  a  great  practical  significance  because  the  millimeter  ware  is 
shorter  than  the  microware  ware  length,  the  RF  channel  eonpling  and  the 
RF  space  coupling  are  greater  than  that  of  the  microware. 

Exper iment 

In  the  Ka-band,  the  RF  channel  coupling  and  the  RF  space  coupling  of 
a  multichannel  RF  front  end  system  are  measured.  The  measuring  block 
diagram  is  showm  in  Figure  I.  One  channel  of  multichannel  RF  front  end 
connected  to  the  Ka-band  oscillator  directly  is  the  direct  channel.  The 
others  are  coupling  channels,  one  is  in  opening  in  the  RF  end,  the  rest 
are  connected  to  the  matching  load  and  the  short  in  the  RF  end 
respectirely.  The  RF  input  power  in  the  direct  channel  is  controlled  by 
the  attenuator.  The  power  meter  keeps  watch  on  the  RF  input  power  in 
the  direct  channel.  The  IF  output  power  in  the  channels  is  displyed  by 
the  Hp3IS85A  spectrum,  Typical  coupling  performance  of  the  Ka-band 
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BtltieluAel  IF  front  ond  lyitea  oeioirad  if  tle«a  in  table  1. 


M  Attennntor 


Power 

Hater 

h 

Switch 

Opening 

Hatching 

Load 

Short 

Direet  Cbannel 


BF 


Ka-Band 

Maltiebannel 


RF 

Front 

End 


Hp3686A 

Spectres 


Coup  ling  Cbannel 


Fig. 1.  Meaanring  diagras 


Table  1.  Typical  eonpling  performance  meaanred 


A(dB) 

Pin (dBm) 

Pont (dBm) 

Pz  (dBm) 

Py  (dBm) 

Pz  (dBm) 

20 

-20 

1.9 

-47.4 

-72.  9 

-69.1 

30 

-30 

-7.1 

-47.9 

-72.9 

-70.2 

40 

-40 

-17.  2 

-49.2 

-74.4 

-70.  8 

50 

-60 

-27.8 

-48.7 

-75.  0 

-71.1 

60 

-80 

-38.8 

-60.  6 

-74.  3 

-71.  6 

70 

-70 

-46.8 

-60.  6 

-76.  6 

-72.  1 

80 

-80 

-86.  9 

-61.  2 

-73.  9 

-72.  6 

90 

-90 

-66.  2 

-60.  2 

-74.  9 

-71.  8 

100 

-100 

-72.  6 

-61.  7 

-74.  7 

-73.  1 

110 

-110 

-74.2 

-60.  5 

-74.  3 

-73.  3 

120 

-120 

-74.  4 

-52.0 

-76.1 

-73,  6 

Where  A  ii  tbe  attenuation  in  the  attenuator  in  the  meaanring  ajatem. 
Pitt  is  tbe  RF  input  power  in  tbe  direct  cbannel.  Pont  ia  tbe  IF  output 
power  in  tbe  direet  channel.  Pi  ia  tbe  IF  output  power  in  tbe  coupling 
channel  that  ia  in  RF  opening,  Py  and  Pz  are  tbe  IF  output  power 
in  tbe  coupling  cbanneia  connected  to  tbe  matebing  load  and  tbe  abort^ 
reapectirely. 
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DiieiifftDB  of  tk«  Biferiaatt  ntiili 

In  Table  1,  for  tbe  direct  ebiBBel,  vies  Fia^  -  90  dBm,  tbe  iptee 
eoapliitg  pover  eta  aot  be  compared  wltb.tke  ekaaael  eoapliag  power  la 
raUe  aad  ^at  is  linear  witk  Pin.  fkea  PiB<-90  dBai.  tke  space  eoapliag 
can  compare  with  tke  ekaoael  eoapliag  power  la  ralae.  Poat  is  aot 
linear  witk  Fia.  For  tke  eoaplirng  ckaBael,  wken  tke  RF  ead  is  in 
opeaiag,  tke  RF  ead  is  eqaiTaleai  to  a  kora  aateaaa,  fkea  tke  RF  ead  is 
connected  to  tke  skort,  tke  RF  ekaaael  eoapliag  power  is  reflected  in 
tke  RF  inpnt  end.  fken  tke  RF  end  is  eoaaeeted  to  tke  mateking  load, 
part  of  tke  RF  ekaaael  coapling  power  is  absorbed  bj  oatekiag  load  and 
tke  rest  is  reflected  to  tke  RF  inpat  ead,  tkerefore,  Px»Ps>Py. 

A  eoaple  of  eqaations  tkat  separate  tke  RF  space  coapling  from  tke  RF 
channel  coapling  can  be  given  as 

Pa-Pl>P2  (1) 

Pb=rRiPl+P2  (J) 

Where  Pi  and  P2  are  tke  power  of  tke  ekannel  eoapliag  sad  tke  power 
of  tke  space  coapling  respeetivelj.  A  is  tke  attenaation  of  tke 
measaring  sjstetn.  Pa  and  Pb  are  tke  displayed  IF  power  on  tke  Hp3686A 
spectran  for  different  attenaations  of  tke  measaring  system. 

From  (1)  and  (2)  we  have 

Pl»(Pa;Pb>/(MdS)  (3) 

P2=(l(PPa-Pb)/ (1(^-1)  (4) 

Tke  power  of  tke  RF  ekanael  coapling  and  tke  power  of  tke  RF  space 

coapling  can  be  given  by  maltiplyiag  Pi  or  P2  witk  tke  gain  factor  (  or 
tke  atteaaatioB  factor  )  of  tke  measariag  system.  It  can  be  written  as 
Pc»RlO^(Pa-Pb)/(l-l(J*)  (6) 

Ps»K(l(l»Pa-Pb)/(10»-l)  (6) 

wkere  K  is  tke  gain  factor  (  or  tke  attenaation  factor  )  of  tke 
measning  system.  Pc  and  Ps  are  tke  power  of  tke  RF  ekannel  coapling  aad 
tke  power  of  the  RF  space  coapl ing  respectively.  For  example,  in  Table  1. 
Pb3-66.  2  dBm,  Pbs-72.  6  dBm,  A^-iQ  dB,  R*-23  dB.  From  (6)  and  (6)  ,  We 
have  Pea-100  dBm,  pBa-97. 6  dBm.  The  RF  channel  coapling  and  RF  space 
coapling  in  different  conditions  for  tke  coapling  ekaanels  can  also  be 
derived  from  (6)  and  (6). 

The  eqnivalent  RF  coapling  performance  Beasared  is  given  by  maltiplyiag 
Px,  Py,  or  Px  witk  R.  It  is  shown  in  Table  2. 

In  Table  2,  Pa  is  tke  RF  coapling  power  in  tke  coapling  ekanael  that  is 
in  RF  opening,  Pv  aad  pw  are  tke  RF  coapling  power  in  tke  coapling 
channels  connected  to  tke  mateking  load  aad  the  skort  respectively 

Cone  las  ion 

From  tke  experimental  investigation  on  RF  ekannel  coapling  and  the  RF 


■pcee  eottpling  in  Kt-band  SF  front  and  aratam,  «e  can  reaeb  tka 
following  eonelttiiona. 


Table  2  Equiralant  RF  eoapling  performance  neaanred 


A(dB) 

Pin  (dBm) 

Pn  (dBm) 

Pv(dBm) 

Pw(dBm) 

20 

-20 

-69.3 

-94.9 

-91.0 

30 

-30 

-70.8 

-96.8 

-93. 1 

40 

-40 

-72.0 

-97.2 

-93.6 

60 

-60 

-71.1 

-97.4 

-93.6 

60 

-60 

-73.7 

-97.6 

-94.  8 

70 

-70 

-73.  7 

98.7 

-96.  3 

80 

-80 

-74.4 

-97. 1 

-95.  7 

90 

-SO 

-73.4 

-98.1 

-95.  0 

100 

-100 

-74.9 

-97.9 

-96.  3 

no 

-no 

-73.7 

-97.6 

-96.  6 

120 

-120 

-75. 1 

-98.  3 

-96.  7 

a.  In  the  Ka-band  mnltichannel  lysten,  for  the  RF  opening  (  in  coupling 
channel  ),  the  RF  power  of  the  apace  coupling  is  -  74.0  dBm.  For  the 
RF  matching  load,  the  RF  power  of  the  apace  coupling  is  -97.3  dBm.  For 
the  RF  short,  the  RF  power  of  the  apace  coupling  is  -94.7  dBm. 

b.  For  the  leakproof  Ka-band  multichannel  sjstem  and  measuring  sjstem, 
the  power  of  space  coupling  is  -110  dBm. 

c.  In  the  Ka-band  multichannel  system,  the  difference  between  the  power 
of  the  coupling  channel  and  the  power  of  the  direct  channel  conforms 
with  the  isolation  between  the  coupling  channel  and  the  direct  channel. 

d.  The  power  of  the  space  coupling  is  concerned  with  the  output  power 
of  the  Ka-band  oscillator  and  the  position  of  the  measuring  system. 

e.  The  RF  power  of  the  space  coupling  has  a  ralue  macroscopical iy  while 
it  is  random  in  the  microcosm.  Because  the  random  fluctuation  of  the 
space  coupling  changes  with  the  environment  of  the  electromagnetic 
field,  therefore! when  we  caculate  the  value  of  the  RF  space  coupling,  we 
need  combine  Eq.  (1)  -  (6)  with  mathematical  statistics  to  process  the 
performance  measured  so  that  we  can  obtain  a  better  result. 
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A  Thr««-Cavity  Ralativistic  Klystron  Aiq)li£ler 

H.  c.  Cben,  R.  A.  Stark  and  V.  M.  Ayrss 
Naval  Surface  Warfare  Center 
White  Oak,  Silver  Spring,  HD  20903 ~5000 

ABSTRACT 

The  generation  of  large  amplitude,  monochromatic  current 
modulation  of  an  Intense  relativistic  electron  beam  (500  KeV,  16 
KA)  by  an  external  microwave  source  through  a  series  of  cavities 
has  been  studied  via  particle  simulation.  Various  geometric 
configurations  for  cavity  and  gap  size  and  cavity  separation  have 
been  studied  to  assess  feasibility  and  prioritized  configurations 
for  the  efficient  operation  of  relativistic  klystron  amplifier.  A 
t^ee  cavity  RKA  was  proposed  for  the  future  extra-high  power 
microwave  generation.  This  device  could  be  scaled  to  operate  in  X 
band  and  below. 


SmOIART 

The  theory  of  relativistic  klystron  amplifier  (RKA)  for 
generating  pulses  of  high-power  rf  radiation  has  been  studied  in 
great  detail.  The  NRL  RKA  experiments  have  demonstrated  that  an 
annular  intense  relativistic  electron  beam  (IRKB)  can  be  fully 
modulated  by  a  moderate  external  rf  source  at  a  frequency  of  1.3 
GHz.  Electric  breakdown  at  the  gap  has  been  taken  into  accoiint  to 
monitor  the  gap  length  and  cavity  shape.  Electromagnetic 
isolation  between  cavities  which  affects  the  operation  of  RKA  has 
been  investigated  extensively.  We  used  HAGIC,  a  fully 
electromagnetic,  fully  relativistic  particle  simulation  code,  tu 
simulate  IREB  propagation  in  various  RKA  geometric  configurations. 
The  simulation  geometry  was  sho^m  in  Fig.  1  where  the  radii  of  the 
drift  tube  and  the  IREB  were  r^  »  6.8  cm,  r.  »  6.1  -  6.5  cm 
respectively,  so  that  the  annular  shape  beam  had  the  thickness  of 
Ar^  >  0.4  cm.  The  cylindrical  cavity  bad  radius  R«  8.6  cm,  the 
inner  and  outer  conductors  were  symmetric  with  respect  to  the 
center  of  the  annular  beam.  In  the  absence  of  an  IREB,  the 
frequency  for  driving  the  first  cavity  was  adjusted  until  resonance 
of  the  second  cavity  occurred.  The  TMg,  mode  was  the  mode  of 
operation  and  the  operating  freqmncy  of  1.46  GHz  was  found.  The 
beam  parameters  throughout  the  calculations  were  1.  -  16  KA  and 
Vlnj  «■  500  KeV.  An  external  axial  magnetic  field  B,  -  10  Kgauss 
focused  and  guided  the  electron  beam  in  drift  regions.  The 
characteristic  Impedance  of  the  cavity  was  determined  self- 
consistently  in  the  simulation  by  the  gap  configuration  which 
connected  the  cavity  to  the  drift  tiibe.  The  first  cavity  was 
loaded  with  RF  energy,  which  generated  an  oscillatory  gap  voltage 
with  a  fixed  frequency  depending  on  the  cavity  size  and  gap  shape. 
The  second  cavity  was  located  downstream  at  a  place  for  which  the 
amplitude  of  current  modulation  was  at  a  maximum.  The  important 
part  was  that  the  partially  modulated  beam  by  the  f irttt  cavity 
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FIGURE  1  Three-cavity  RKA  configuration. 


could  energize  the  second  cavity  to  generate  very  high  gap  voltage 
for  full  current  modulation.  Ideally,  the  cavities  should  be 
isolated  electromagnetically  from  each  other  by  requiring  that  the 
drift  regions  were  cut  off  to  all  modes  at  the  operating  frequency. 
In  principle,  the  attenuation  of  all  modes  should  be  optimized  to 
prevent  other  modes  and  higher  harmonics  from  growing  and 
disrupting  eunplifier  operation.  Simulation  parameters  were  ar  = 
O.lcm,  Az  =*  0.56  cm.  At  =  3  x  10'’‘  sec.  The  simulation  proceeds  as 
follows:  The  first  cavity  was  driven  by  an  external  rf  source 
first,  producing  a  certain  oscillatory  gap  voltage  at  the  resonant 
frequency  of  the  cavity.  After  5  nsec,  the  beam  was  injected  with 
a  current  rise  time  of  5  nsec. 

High  power  rf  sources  are  in  the  popular  demand  now, 
especially  from  the  accelerator  community.  As  we  know,  the  rf 
current  is  proportional  to  the  rf  voltage  imposed  on  the  gap.  From 
simulation  studies,  we  have  found  that  the  rf  field  that  drives  tiie 
gap  voltage  from  the  first  cavity  is  not  linearly  proportional  to 
the  second  generated  gap  voltage.  Although  we  need  only  a  moderate 
rf  p>wer  source  to  generate  the  partially  modulated  IREB  which  in 
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FIGURE  2 


Oscilla'tory  gap  voltagas  of  the  first  cavity  (a) , 
the  second  cavity  (b)  and  the  third  cavity  (c) . 

turn  energizes  a  second  cavity  to  generate  a  high  oscillating 
voltage  on  its  gap,  however,  there  is  a  trend  of  continuous  demand 
for  a  much  higher  power  rf  source,  which  will  eventually  become 
unavailable.  In  order  to  prevent  this,  we  propose  a  three>cavity 
RKA  which  does  not  need  a  high  power  rf  source  to  drive  the  cavity. 
Instead,  a  very  weak  rf  source  is  used  to  prime  the  cavity.  The 
magnitude  of  the  driving  rf  field  is  no  longer  a  factor  in  the 
operation  of  RKA.  This  concept  very  much  reseiables  an  auto 
accelerator  in  which  the  energy  of  the  small  portion  of  the  beam  is 
used  to  generate  a  high  oscillating  gap  voltage  to  accelerate  other 
portion  of  the  beam.  The  three-cavity  RKA  configuration  as  shown 
in  Fig.  1  is  simply  an  extension  of  the  two-cavity  RKA.  The  third 
cavity  is  added  further  down  stream  with  the  same  cavity 
separation.  The  main  difference  is  that  the  first  cavity  will  be 
powered  by  a  very  low  power  rf  source  which  provides  necessary 
seeding  for  the  modulating  frequency.  As  a  matter  of  fact,  the 
driving  rf  field  is  so  weak  that  the  operation  of  RKA  becomes 
independent  of  the  strength  of  the  rf  source.  This  gives  us  a  lot 
of  freedom  to  modulate  extra  high  current  beam  without  worrying 
about  the  availability  of  driving  rf  source.  Simulation  results  of 
Fig  2a,  2b  and  2c  were  the  time  evolution  of  the  gap  voltages  of 
three  cavities.  The  second  cavity  interacted  with  a  weakly 
modulated  beam  and  produced  a  moderate  gap  voltage  which  modulated 
the  IREB  partially.  Finally,  the  third  cavity  was  resonantly 
excited  to  produce  the  kind  of  high  voltage  needed  to  highly 
modulate  the  IREB.  The  current  modulations  after  each  cavity  were 
shown  in  Fig  3.  This  configuration  has  the  advantage  of  being 
easily  scaled  to  a  very  large  diameter,  intense  high  current  beam 
for  generating  extra  high  rf  beam  power.  In  order  to  have 
efficient  operation  of  a  RKA  the  cavities  must  remain  isolated 
electromagnetically  as  far  as  the  nonlinear  beam-cavity 
interactions  are  concetTied.  Certain  criteria  for  different  cavity 


FIGDSE  3 


HOB  current  aodulatlon  at  r  «  0.2  cm  (a), 
r  «  0.6  CM  (b)  and  r  •  0.9  ca  (c) . 


gaonatriaa  ara  nacasaary'  in  ordar  to  ainlBiza  gap  loading  affects, 
to  avoid  electrical  breaXdo%m  at  the  gap.  once  the  geosetric 
configuration  is  fixed,  electranagnetic  isolation  of  cavities  has 
to  be  tested  before  injection  of  the  IREB  to  optinize  current 
■odulation. 

**Thls  research  was  supported  by  the  Innovative  Sciences,  and 
Technology  Office  of  SOIO,  aanaged^  by  Harry  Diasond  Laboratories. 
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3  M.M.  BAND  (75-110  GHz.)  BW)  SNEEP  OSCILLATCffi  DEVELOPMENT. 

Zhu  Ye-Mei;  Xu  Li-Gang 

(Beijing  Vacuus  Electronic  OoTice  Research  Institute. 
Beijing  P.B.C. ) 


ABSTRACT 

A  W-band  BWO  sweep  oscillator  has  been  developed.  It  consists  of  two  parts,  basic 
unit  and  plug-in  unit.  Changing  the  plug-in  unit,  other  various  bands  in  shorter 
ailliaeter  wave  range  can  be  easy  to  get. 

This  instriiaent  can  be  prograaed  with  a  coaputer  besides  running  in  local  state. 
Frequencies  in  both  states  of  operation  are  displayed  by  digital  panel  aeters. 
These  are  the  aain  difference  from  traditional  BHO  sweep  oscillators. 

INTRODUCTION 

Microwave  sweep  oscillator  is  the  key  to  the  autoaatic  aicrowave  aeasrreaent  in- 
struaentation,  such  as  receiver,  network  analyzer,  aicrowave  spectrua  analyzer, 
etc.  But  the  function  of  these  aicrowave  sweep  oscillators  aay  be  different  in  the 
instruaentation.  For  instance,  in  the  receiver  and  the  aicrowave  spectrua  analyzer, 
the  aicrowave  sweep  oscillatp»*  is  used  as  a  local  oscillator  for  realizing  the 
heterodyne  function,  but  in  network  analyzer,  it  is  used  as  a  transaitter  which 
sends  out  linear  frequency  aodulation  signal  to  the  device  under  test  (the  DUT). 
The  signals  reflect  froa  and  transfer  through  the  DUT,  therefore,  they  carry  the 
inforaation  about  the  characteristics  of  the  DUT. 

Make  a  coaparison  between  BNO  and  the  solid  devices  in  shorter  ailliaeter  wave 
range.  BWO  still  has  aany  advantages,  such  as  RF  high  power  output  in  a  wide 
frequency  range,  directly  creating  the  sweep  frequency,  it  aeans  that  don’t  use  the 
aaplifying  and  mixing  techniques,  etc.  It  is  most  important  that  BWO  oscillator  can 
aeet  the  request  of  the  later  function  mentioned  before. 

PRINCIPLE  AND  CONSTRUCTION 

An  overall  block  diagram  of  the  aicrowave  sweep,  oscillator  is  shown  in  ?ig.(l),  in 
which  a  grid-levelled  BWO  oscillator  unit  is  used  as  the  shorter  ailliaeter  wave 
source.  The  frequency  of  the  RF  output  is  controlled  by  the  delaylinc-to-cathode 
voltage  applied  to  the  BWO  (Backward-Wave  Oscillator).  The  amplitude  of  the  RF 
output  is  controlled  by  the  voltage  applied  between  the  grid  and  cathode  of  the 
BHO.  However,  shorter  ailliaeter  wave  detector  and  directional  coupler  which  have 
satisfactory  frequency  response  in  the  respective  band  have  not  be  developed.  So, 
RF  detector  and  directional  coupler  are  not  installed  inside  the  instruaent,  and  an 
external  RF  detector  and  directional  coupler  may  be  used,  instead.  In  this  mode  of 
operation  the  output  of  the  external  detector  is  connected  to  the  levelling  ampli¬ 
fier  input.  As  shown  in  Fig.(l),  a  portion  of  the  RF  output  is  saapled  in  the 
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directional  coupler,  detected  and  fed  to  the  levelling  aeplifier.  The  levelling 
anplifier  coapares  the  aaplitude  of  the  detector  output  with  a  reference  voltage 
and  feeds  a  correction  signal  to  the  grid  of  the  BKO  through  the  grid  supply  so 
that  the  detector  output  reaains  proportional  to  the  reference  voltage.  As  the  BF 
frequency  is  varied,  the  levelling  loop  operates  continuously  to  aaintain  the 
detector  output  constant  independent  of  the  RF  frequency.  The  aaplitude  variation 
of  the  RF  at  the  front  panel  connector  will  therefore  depend  on  the  transfer 
characteristics  of  the  directional  coupler-detector  coabination  only. 

To  aaplitude  aodulate  the  RF  output  as  the  RF  frequency  is  swept,  a  aodulating 
signal  is  used  in  place  of  the  reference  voltage  feeding  to  the  levelling  aapli- 
fier.  The  RF  blanking  during  retrace,  square  wave  ,  frequency  aarker  signals,  and 
external  AM  input  signals  are  used  to  aaplitude  aodulate  the  RF  output  in  this 
manner. 
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Fig.l  Overall  Block  Diagras 


In  the  unlevelled  mode  of  operation,  the  voltage  applied  to  the  grid  of  the  8W0  is 
manually  set  by  the  front  panel  RF  level  knob.  Amplitude  modulation  of  the  RF 
output  in  the  unlevelled  mode  is  accomplished  by  feeding  a  modulating  signal  direc¬ 
tly  to  the  grid  of  the  BWO. 

The  RF  frequency  range  is  covered  by  sweeping  the  output  voltage  of  the  delay-line 
supply.  The  sweep  generator  drives  the  delay-line  supply  with  the  required  sweep 
voltage  as  determined  by  the  settings  of  the  front  panel  potentiometers.  The  sweep 
cime  can  be  divided  into  four  steps,  i.e.  0.01-0.1;  0.1  -1;  1-10;  10-100  sec.  The 
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specific  sweep  tise  in  each  step  range  can  be  continuously  varied  with  the  front 
panel  potentioaeter.  In  addition,  the  sweep  generator  also  supplies  sweep  voltage 
for  synchronous  output,  retrace  blanking  and,  at  the  slower  sweep  speeds,  recorder 
pen  lift  during  retrace. 

The  internally  generated  sweep  waveform  can  be  triggered  by  an  external  electrical 
trigger  input  or  by  the  sanual  trigger  switch.  External  control  of  the  sweep 
wavefon  is  provided  by  introducing  an  external  electrical  signal. 

The  Barker  generator  combines  the  sweep  signal  and  the  voltages  at  the  output  of 
the  marker  controls  to  provide  a  marker  signal  when  the  output  RF  frequency  corres¬ 
ponds  to  the  reading  of  the  frequency  displayer. 

The  microwave  sweep  oscillator  is  equipped  with  a  GP-IB  interface.  Therefore,  it 
can  be  turned  into  a  programaable  instrument.  With  the  GP-IB  interface  and  GP-IB 
interface  bus,  the  microwave  sweep  oscillator  become  a  part  of  an  automated  in¬ 
strumentation  system.  The  GP-IB  interface  is  made  of  a  microcontroller  (MCS-51),  a 
D/A  converter  (DAC-1210),  and  some  few  chips.  The  function  of  the  interface  is 
carried  out  by  software. 

Two  digital  panel  meters  are  used  as  the  frequency  displayer.  The  micowave  sweep 
oscillator  works  under  two  states,  the  local  .and  the  remote.  Under  local  state, 
the  frequency  displayer  is  feeded  through  controlled  switch  (see  Fig.(l))  by  a 
voltage  from  the  precise  coax-potentiometer  which  is  coaxially  tuned  with  frequency 
knob  .  Under  another  state,  through  controlled  switch  by  a  voltage  from  the  GP-IB 
interface. 

EXPERIMENT  RESULTS 

The  main  specifications  and  functions  of  the  instrument  are  shown  as  follows. 


Fig. 2  RF  Power  Output 

1.  Frequency  range  :  75 — llOGHz. 

2.  Frequency  accuracy  :  IX. 

3.  Frequency  linearity  ;  IX. 

4.  Short  period  frequency  stability  :  Less  than  7x10'^  in  ten  minutes. 

5.  RF  output  power  :  More  then  13nw,  shown  as  Fig. (2)  . 

6.  Sweep  time  :  (Four  steps)  0.01-0.1;  0.1-1;  1-10;  lO-lOOsec. 

Continuous  adjustment  over  the  full  range  of  every  step. 

7.  Sweep  output  :  Direct  coupled,  adjustable  from  0-15  volts  peak. 

8.  GP-IB  interface  and  digital  displayer  . 
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CONCLUSION 

A  W-band  BWO  sweep  oscillator  has  been  developed,  shown  as  Fig. (3).  It  is  equipped 
with  GF-IB  interface.  Through  GP-IB  bus,  it  can  be  controlled  by  a  coaputer  to 
realize  prograaaable  automatic  aeasuring  systea.  This  instruaent  consist  of  two 
parts,  basic,  unit  and  plug-in  unit.  To  change  the  plug-in  can  get  the  other  band  of 
the  shorter  ailliaeter  wave  range. 


Fig.  3  The  outline  of  the  microwave  BWO  sweep  oscillator 
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TEST  or  IBC-40  (aoD)  MILLIVETEB-fAVr  SOURCE 


Taag  Xiafug 

(SoBtkwcit  laftitnte  of  Applied  Hagaotlea  of  Ckioa) 


IRTSOD'JCTION 

Oar  iaititate  las  boagkt  rarioao  tfpoof  aiiliaeter-ware  test  ioitraoeota  saeh  as  aosrees, 
Btasareaaat  liaes.  fraqaeaep  asters  sod  vavegaide  aeeeasorics  to  oeet  the  needs  for 
aillioeter-vara  deriee  fabrications. 

Rea  ia  this  eoantrj  oillioeter-wafe  aeasaring  standards  as  tell  as  aillioeter-«aTe 
iBStraasat  eboek  sjstea  and  regalations  have  not  been  aet  op.  Soae  inatltotes  and  factories 
fabricating  ailIiBeter*ware  instroaents  hare  to  lack  soae  specifications,  for  esaaple.  tbe 
Instltate  of  Applied  Phrsici  in  the  University  of  Blectroaie  Science  and  Teeknoiogy  of 
Cbengda  has  lacked  specification  of  the  freqoeney  stability. 

Conseqaeatly  it  ia  necessary  to  ioTestigate  ailliaeter*«are  aeasore  and  test  aethod.  By 
reference  to  the  relative  Rational  Measoring  and  Check  Regnlatlon  inch  as  JJG  339-83.  «e 
investigated  the  aeasore  and  teat  aethod  of  ailiiaeter-eave  sooree  and  finished  proof  test 
and  periodic  teat  of  XT-Ill (3aa)  and  IBC-40 (Boa)  seorees  by  Beans  of  oar  instrnaents  and 
cqalpaenti. 

This  paper  describes  the  test  setap  and  specific  test  aethod  of  IBC-40 (Ssai)  ailliaeter-tave 

aoatee. 


TEST  SETUP  ARD  liETBOD 

1.  Preqaeney  range  and  stability  test 

A.  Test  setap 

Freqoency  range  and  stsbilitity  teat  setap  ia  shown  in  Fig.  1  (in  tbe  end  of  this  paper). 

B.  Test  aethod  of  freqaeney  range 

(a)  As  shown  in  Fig.  i,  set  BD-U-3-1  Variable  Attenaator  to  maziana  and  FL16/3  Cnrrent 
Splitter  to  aiaiaaa  range  (xi). 

(b)  Set  the  ’LIRE’  switch  of  the  sooree  to  'OR*  and  the  'LOl  VOLTAGE'  switch  to  'OFF*. 

(e)  Adjast  the  Oscillator’s  aieroeallper  to  a  desirable  scale  according  as  L-F  table  (see 

Manas  1). 

(d)  Set  the  'LOW  VOLTAGE'  of  the  sonree  to  'OR'  and  adjast  the  'BIAS*  to  desirable  valae 
aeeording  as  tbe  Manna  1. 

(e)  Adjast  BD-14-3-1  Variable  Attenaator  to  make  AC9/3  Galvanometer  indications  more  than 
one  haadred  sabscaU. 

(f)  Adjast  singly  three  Matching  devices  of  BD-  14-  8  Detector  to  aake  AC9/3  indicate 

aaziaaa  . 

(g)  Baraonise  PXZ-oa  Freqaeney  Meter  to  aake  AC9/3  indicate  ainiaaa.  Bead  jast  now  the 
freqaeney  f. 

(h)  Set  the  FLl(/3  to  aaziaaa  range  (xo.  GOOD. 

(I)  Decrease  the  attennatlone  of  BD-14-8-1  and  BD-14-8-2  antil  tbe  fandmental  order  leap 
of  E33Bt  Aatoaatie  Microwave  Freqaeney  Transforaer  lights,  than  adjast  clockwise  E3256 
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'GAIN  CONTROL'  to  fflaxinmo,  obBerve  the  freqaencj  displayed  by  the  B326  Uaoal  Frequency 
Connter.  If  the  frequency  is  far  from  the  frequency  f'.  set  the  E325&  to  ‘IWNL'L’.  preai  the 
'FUNDING  ACTUATE*  and  readjuBt  two  rariable  attenoators  until  the  E326  diepUya  a  correct 
frequency. 

(i)  Record  the  accurated  frequency  celled  f  by  the  eoabination  of  the  E326/E33I5 
MllIioeter-weTe  Frequency  Connter. 

(k)  Set  the  LOl  VOLTAGE'  switch  of  the  source  to  'OFF'  tod  tfaeu  change  the  source 
frequency. 

(l)  Repeat  step  (a)  —  (k)  until  finishing  the  test  of  the  sonrce  in  whole  band. 

Ins)  Record  frequency  range  specif icatioos  f  and  actuily  measured  data  f*  in  Table  2(Mo.  90U 
and  Table  4  (No.  907). 

C.  The  test  method  of  frequency  stability 

(a)  Select  a  frequency  (usually  select  centrical  frequency)  in  whole  band,  according  to  B 
for  messuring  frequency  f. 

(b)  After  warming  up  the  instruments  for  30  minutes  begin  counting  and  record  data  fi  once 
at  a  minute  for  90  minutes  as  to  obtain  ninety^one  data,  i  «  i  —  91. 

(c)  Calcnlate  the  frequency  stabilities  as  follows: 

After  warming  op  for  30  minutes; 

f 1*8  ~  f I 

=  -  /  5  ajin 

f. 


After  warming  op  for  i  hour: 


f  I  *88  ■*  f  1  *80 
— -  j  g  aiia 

f  l^so 


(d)  Select  and  (A'l^.a  as  the  test  result  of  the  frequency  stability.  Record  them 

in  Table  1  (No.  901)  and  Table  3  (No.  907). 

2.  CV  output  power 

A.  Teat  setup 

Connect  test  setup  as  shown  in  Fig.  2 (in  the  end  of  this  paper). 

B.  Teat  method 

Is)  Set  the  LINE  switch  of  the  source  to  'ON'  and  adjust  the  microcaliper  of  the 
Oscillator  to  a  desirable  scale. 

lb)  Set  the  'LOW  VOLTAGE'  of  the  source  to  'ON'  and  adjust  the  'BIAS’  to  a  specified  Talue. 
(0  Adjust  BD-14-3  to  aero  dB  and  wait  2  minutes. 

(d)  Record  the  measured  power  p’  by  DC-341/  TMA-2  ilillimeter-wsTe  Dry  Calorimeter.  If  the 
output  of  the  source  is  orer  superior  limitIP,.,  =  lOO  mW),  increase  the  Attenuation  of 
BD-14-3-1  to  decrease  input  power,  record  just  now  power  data  P’ . 

(e)  Set  the  'LOW  VOLTAGE'  switch  of  the  source  to  'OFF'  for  changing  f.  Select  seteral 
frequencies  according  to  need,  but  must  include  tbe  superior  frequency  limit  fn  and 
inferior  frequency  limit  fi,. 

(f)  Repeat  the  step  (a)  —  (f) . 

(g)  Record  Cf  output  power  specifications  P  and  the  measured  P’  in  Table  2  (No  901)  and 
Table  4  (No.  907). 

SPECIFICATION  AND  TEST  RESULT 


fRC-40  is  made  of  two  instruments  of  No.  90l  (26.5  —  36  GHz)  and  No.  907  (33  —  40  GHz) 
1.  WBG-40  (No.  901) 
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A.  Fre^itae;  itibilttr 

The  frMM&ey  lUbiiititi  ir*  ihowo  Id  Tabid. 


Table  1 


Specification 

Teat  Beealt 

Lack 

faroing  ep  for  30  miontea 

(4').—  »  8.  3xio-*/8  Bin 

laming  ep  for  l  boor 

16  ')..«  •  2.8X  l0'*/8  Bin 

B.  Freqaeaej  range  and  Cl  ontpnt  poeer 

Tbe  freqaeoef  range  and  CW  oatpvt  power  are  ihown  in  Table  2 


Table  2 


Specif leation 

Teat  Bean  It 

Freqnenep  range 

f  *  28.  8  —  38  GHa 

r  -  26.  42  —  36.  43  GHa 

Cl  ontpnt  power 

P  >  20  flW 

P'  >  20  af 

2.  fBC-40  (Ko.  907) 

A.  Freqaenep  Stabilltj 

Tbe  freqnenep  atabilitiee  are  ehowo  in  Table  3. 


Table  3 


Specification 

Teat  Seanlt 

Lack 

1  faroing  op  for  30  oiontea 

{6’)...  »  4.  Ixio**/8  Bin 

farming  np  for  1  bonr  |  =  2.  ix  i0'*/6  oin 

B.  FreqDenep  range  and  Cl  ontpst  power 

Tbe  freqnenep  range  and  Cl  ontpnt  power  ee  ahown  in  Table  4. 


Table  4 


Specification 

Teat  Beanlt 

Freqaencp  range 

f  s  33  —  40  GHa 

Cf  ontpnt  power 

P  >  20  of 

P'  >  20  of 

ON  TBE  TBACK  OF  FSEQUEMCY  AND  POfEE 

In  tbe  aborc  aeottoned  teat  eetnp.  tbe  freqoeaep  relatlTe  atandard  inatroaeot  E336  baa  been 
calibrated  bj  tbe  Inatitnte  of  Teat  Teehnologp  of  China  and  panned  the  teat.  Tbe  power 
reUtire  atandard  inatmaenta  DC341/TUA-2  are  Dry  Calorioetera  made  in  Japan  and  bare  been 
calibrated  bp  the  Second  Reaeaeh  Centre  of  tbe  National  Defence  Science  Conntil. 

RESULT 

Aa  (Bcntioned  ebore,  fSC-40(88nl  oilliBetcr 'wa?c  aoeree  teat  aetnp  ia  reaaoneble  and  the 


teit  Bttiked  ii  faaiible  btsteiilj. 

fitb  the  teat  ■eta|>  end  aetbod  deaeribed  in  tbia  pt^ar,  tba  prebieai  af  tbe  aMtaara  tad  taat 
of  oil  line  ter*  ware  aoarea  baa  been  aoirad  in  onr  isatitate.  fe  prorided  tbe  teat  data  of 
freaoenej  atabllltiaa  for  tbe  Inatitnta  of  Applied  Pbjaiea  in  tbe  Unireraitj  of  Elaetroaie 
Seianee  and  Teebnolopr  of  Chanfdn  to  bolp  tbaa  to  aolTO  tbe  problaa  of  tba  apeeif leation. 


E32S/E32S3  HUiiMtcrrvave  Freqaaoc)'  Cointar 

I - - - 

I  Autonatic  Microaave  Fraquancy  Transforoer 


as 


VRC-40(8saJ 

Mi  1 1 loeter-vave  Sourca 


E32S 

<276) 


Usual 

Fraqoancy 

Counter 


FL16/3 


AC9/3<3598) 


BD-14-3-2  Current  Splitter  Gaivanooeter 


Variable  Attenuator  PXZ-02 

Microcaliper  .  >  Fr«0“ency  ^ter 


Line 


BD-U-3-1 
Variable  Attenuator 


I 


Oscillator  j  Isolator 

■  -  Directional  Coupler 


¥ 


Hatching  Devices 


^  BD-14-5  Detector 


Fig. I  Freqneney  range  and  stabilit;  teat  setop 


WRC-40(8nia) 

Mi  1 1 ioater-wave  Source 


Microcal iper 


BO-U-3-1 


Mi i 1 loeter-eave  Dry  Calot loeter 


Fig.  2  Cw  ootpot  power  teat  letop 
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MILLIMETER  WAVE  INJECTED-LOCK  FREQUENCY  DIVIDERS 

Ch«i  Rushan,  Sun  Minsong  and  Li  Xingguo 
East  China  Institute  of  Technology 

ABSTRACT 

In  this  paper,  the  theoritical  and  experimental  performances  of  a  TED  harmonically  synchronized 
frequency  divider  are  presented.  The  results  show  that  such  a  divider  has  a  35.1  to  1 1.7  GHz  divi> 
sion,with  2Smw  output  power  over  the  operating  band  greater  than  lOOOMHz  at  SOmw  input 
power  level. 


INTRODUCTION 

Frequency  dividers  have  promised  many  potential  application  in  microwave  /  millimeter  wave  sys> 
terns.  Various  analog  and  digital  solutions  have  been  proposed  in  order  to  realize 
microwave  /  millimeter  wave  frequency  dividers.  Among  well-known  analog  solutions  are  the 
regenerative  dividers'and  the  parameter  dividerslHarmonic  synchronization  of  a  free-running 
oscillator  is  an  alternative  powrful  means  of  performing  frequency  division.  Small  signal  harmonic 
synchronization  of  nonlinear  oscillators  were  discussed  by  LSchmideg^.  By  means  of  TED  , 
UpadhyaywlaMeveloped  a  frequency  divider,  with  dynamic  frequency  division  up  to  6  at  16GHz. 
The  wide  locking  range  requires  the  large  injected  harmonic  signal.  However,the  conventional 
small  sgnal  analysis  is  no  longer  valid.  This  paper  devotes  itself  to  a  more  exact  analysis  of 
harmonic  oscillators.  A  large  signal  nonlinear  negative  resistance  description  for  the  TED  is 
adoped.  The  locking  range  of  oscillators  is  calculated  by  the  averaging  method.  The  experimental 
results  are  demonstrated. 

MODEL  OF  HARMONIC  SYNCHRONIZATION  DIVIDER 

An  efficient  and  pratical  model  is  developed,  whicb;-leads  to  a  tractable  description  of  the  per¬ 
formance  of  harmonically  synchronized  oscillators.  As  shown  in  Fig.l,  this  model  improves  on 
Kurokawa's  linear  model^in  that  it  includes  inherently  nonlinear  effect  involved  in  harmonic 
synchronization.  A  time-invariant  linear  network  divides  the  load  impedance  into  two  parts:  one 
is  effective  only  for  the  fundamental  frequency  and  another  only  for  the  third  harmonic  frequency. 
The  active  element  is  modeled  as  a  real  resistance,  whose  current-voltage  dependence  is  described 
by  the  power  series* 

I^C^V+Cy-i-C^  (1) 
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where  Cj^a^  for  the  fundamental  frequency  and  (^»b{  for  the  third  harmonic  frequency 
(i  1,2,3),  the  coeflident  may  be  adjusted  by  an  appropriate  bias  circuity  in  physical  devices.  It  is 
assumed  that  when  expanded  as  Fourier  series,  the  voltage  across  the  active  element  would  con¬ 
tain  only  the  fundamental  frequency  component  and  the  third  harmonic  component. 

Let  the  injected  signal  e(t),the  fundamental  frequency  signal  vl(t)  and  the  third  harmonic  frequen¬ 
cy  signal  v3(t)  be  as  follows: 

e(t)=  y^cosiSwl)  V,  =  KjCosfwi  —  0,)  Vj^yjCos(3wt  —  0j)  (2) 

Substituting  eqn.(2)  into  (1)  yields 

I,  (w)  =  a  j  V,  cos(wt  —  0, ) -f- Vj  cos(wt  -  fl  j ) -H  VjCos(wt  —  0,) 

+  |ar^r'v;V3Cos(wt-0,-h20,)  (3) 

I  j  (3w)  -  b ,  V  j  cos(3wt  —  ®  j )  +  J  a,  "V I  cos(3wt  —  30* , )  + 1  b  j  V  *  cos(3wt  -  0, ) 

-j-|a*"'b;^’vJv,cos(3wt-03)  (4) 


Applying  KirchhofTs  voltage  law  to  the  network  shown  in  Fig.l,  one  obtains 

dv.  ] 


/v 


‘  dt 


^  '  dt  L'  d: 


d^  V  dv  1  di 


(5) 

(6) 


Eqns.(S)  and  (6)  are  nonlinear  and  homogeneous  second~order  differential  equations,  let  T|  = 
wt  and  Tj  -  3wt.  Eqns.(5)  and  (6)  can  be  expressed  in  the  following  form 


/v. 

+  ^ 

1  I 

■£Ll. 

L 

dt, 

-HVj 

ss  A  V 

1 

ff. 

3wC, 

m 

i'S 
_ 1 

where  h  ^  «  2(w  — 

(7) 

(8) 
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Substituting  eqn.(2)  into  (7)  and  (8),  one  gets 
^^1  ^1  f.  .3  „2  .  3  ^1/3,  2/3 


“  +ja;'’b;'’v,V,o>s(3«,  -9,)) 

f  -2;^!“r’l>r’v,V,an(39,  -9,) 


d0 

dt 


dV 


sr  “  -  +1*.'': +5'>.'’; +1“^’";"’’';''. +g.'',cos9,} 


d0. 


V.G3 


3  _1. 
dtj  2  »  6wC,Vj 


Sind, 


(9) 

(10) 

(11) 

(12) 


When  the  free-running  oscillator  is  synchronized,  the  output  amplitude  and  phase  of  the  frequen¬ 
cy  divider  are  time-independent,  i.e., 


dV, 

dt. 


=  0 


d^ 

dt. 


=  0 


dt. 


=  0 


dt. 


=*0 


(13) 


Eqns.(9)-(13)  are  solved  for  the  amplitudes  V,g  and  the  phase  dm  of  fundamental  and  Vj^, 
d]o  for  the  third  harmonic  frequency.  It  should  be  mentioned  that  eqn.(]3)  is  valid  only  for  the 
case  when  the  oscillator  is  locked  to  the  injection  signal,  but  not  sufficient  for  evaluating  the  fre¬ 
quency  division  of  the  divider.  The  latter  requires  the  stable  oscillation.  The  remainder  is  to  derive 
the  stability  condition.  Suppose  an  additional  small  perturbation  .  Let  us  examine  the  circuit  to  see 
if  its  output  will  grow  ordic  away  with  time. 

Making  use  of  Liapounov^s  method^one  gets 


r3  .3  2/3 , 1/3 , 


«'!, 40^(39  ,.-9,)  +  i<.!'’4;'’K,I',) 


A,- 


1 

r 

10 


(2wc,y 

According  to  Hurwitz's  theorem^,  if  A,  >U 


Aj>0 


(14) 

(15) 

(16) 


The  frequency  divider  will  be  stable. 

Substituting  cqn.{14)  and  (15)  into  (16),  one  obtains  the  relative  locking  ranges  in  the  fundamental 
tiequency  and  in  the  third  harmonic  frequency  as  follows: 


„  3  2/3 ,  1/3  „  „ 


(17) 


Q 


1 


(18) 


34 


Where  Q,»wC,/g,  Q3  =  3wC3/g3 

Equation  (18)  was  derived  in  case  of  the  fundamental  frequency  injectcd-lock  oscillates  by  Adler* 


If  3B„  /  83*  >  1 ,  the  band  of  the  frequency  division  B(w)  =  j  ;  otherwise,  B(w}  =  B,». 


GaAs  TED  FREQUENCY  DIVIDER  CIRCUIT  AND  RESULTS 
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HgJZ  shows  the  35.1  to  11.7GHz  divider  circuit  layout  implemeatcd  ou  a  0.2Siom  thick 
fiberglass-reinforced  teflon  substrate.  A  two-tcnninal  TED  with  N^L  >  =  2  x  10“cm“^8  mounted 
on  the  microstrip  line.  Input  and  output  signals  are  separated  by  using  filters  instead  of  a 
circulator.  Initially,  the  TED  is  dc  biased  beyond  the  threshold  voltage  so  that  it  oscillates  in  the 
transit  time  state  or  the  circuit  controlled  mode.And  then,  the  bias  is  reduced  until  the  TED  ceases 
to  operate.  An  input  signal,  whose  frequency  is  about  3  times  the  free-running  oscillation  fre¬ 
quency  of  the  TED,  is  injected  for  the  output  to  occur.  As  the  input  signal  amplitude  increases  and 
bias  is  beyond  the  threshold  level,  an  output  frequency  response  is  observed.  The  experiments  in¬ 
dicate  that  the  synchronization  range  depends  on  the  drive  level.  This  locking  behavior  of  the  di¬ 
vider  is  shown  in  Fig.S.It  is  of  interest  to  note  that  the  locking  range  of  the  divider  is  a  monoto¬ 
nous  function  of  the  injection  power.  When  the  injection  power  level  becomes  large  enough,  the 
locking  range  approaches  its  asymptotic  value.  This  is  consistent  with  the  prediction  of  the  large 
signal  raodel.The  maximum  locking  range  reaches  3%  at  3iGHz  with  the  output  power  about 


CONCLUSIONS 


A  nonlinear  model  has  been  developed.  In  cooperation  with  Van  Der  PoKs  model  for  the  active 
device,  the  present  model  is  capable  of  calculating  the  locking  range  and  thr  output  power  of 
harmonically  synchronized  oscillators.  The  experimental  results  show  this  model  is  useful  for  de¬ 
signing  harmonic  frequency  divider  circuits. 
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IHVESTiaATION  OF  THE  CATHOIE  POE  MHUMETES  U&VE  TOBB 


Thm.  Zhlzhaog  Qisa  Aijn 

(Beijiag  Vftcmn  E3.«ctronlc8  BBsaaodi  Butitat*} 


ABSTRACT 

In  Qrd«r  to  satisfy  th«  rsquireraent  of  milllraater  w«»b  Taeona  electron  derlce  to  the 
cathode,  a  series  of  InTentlgatlons of  the  cathode  was  dona.  We  deTeloped  ScgO^-oxlde 
coated  cathode  ,  V^-Sc^O^  mixed  matrix  cathode,  improved  scandate  cathode,  laprcved  W 
matrix  body  and  W-Mo  mixed  matrix  scandate  cethode.  At  the  same  time,  many  effective 
techniques  were  adopted  in  the  last  cathode  fabrication  process. 

INTRODDCTION 

With  the  development  of  millimeter  wave  vacuum  electron  device,  the  requirements  for 
the  cathode  have  become  much  harsher,  such  as  low  operating  temperature, high  emission 
current  density,  small  dimension,  high  machining  accuracy,  excellent  emission  surface 
finish,  long  lifetime  and  low  active  material  evaporation.  At  present,  for  the  comm¬ 
ercial  cathode,  it  is  impossible  to  meet  the  above  requirements  .  In  order  to  reach 
the  above  purpose?  ,  «  aeries  of  investigations  were  done.  We  developed  ScgC^  -  oxide 
coated  cathode,  W  -  80203  mixed  matrix  cathode,  improved  scandate  cathode,  impreved  W 
matrix  body  and  W-Mo  mixed  matrix  scandate  cathode »  At  the  same  time,  lots  of  effec¬ 
tive  techniques  were  introduced  in  the  last  process  of  cathode  fabrication  in  order 
to  make  the  cathode  properties  as  excellent  as  possible. 

ScjOi-OHDE  COATED  GATTODE 

Put  a  little  of  SC2O3  (  l-109i  by  weight  )  powder  into  the  coatings  of  general  oxide 
coated  cathode.  After  mixing  them  into  uniform  material,  tiie  Sc203-oxide  ceated  ca¬ 
thode  can  be  obtained  according  to  the  conventional  fabrication  process  of  oxide 
coated  cathode,  gnd  after  degassing  and  ageing  ,  the  emission  characteristic  of  the 
cathode  were  measured  out.  The  result  was  that  the  emission  current  density  had  been 
raised  about  5096  than  the  general  oxide  coated  cathode  at  the  same  operating  tem¬ 
perature.  The  current  density  drawn  from  the  Sc2 05-oxide  coated  cathode  in  space- 
charge  limited  region  was  1.6A/cnr  at  the  operating  temperature  of  800*  Cb.  It  is  soon 
that  to  uae  this  cathode  for  millimeter  wove  tube  was  uxisatisfactory.  However,  it  le 
an  ideal  electron  soui*ce  for  the  color  display  devCces  with  high  brightness,  high 
clarity  and  high  current  density. 

V^-SC203  MUED  MATRII  CATHODE  ~ 

Experimeats  prove  that  after  adding  a  little  of  Sc2^  ^  general  alusdnate,  the 
emission  ability  of  the  cathode  impregnated  by  this  alumlnate  is  much  higher  than  that 
of  the  cathode  impregnated  by  the  general  alumlnate  .  According  to  this,  can  wo  make 
the  mixed  matrix  by  mixing  a  little  of  Sc20j  powder  and  tungsten  powder  and  fabricate 
dispenser  cathode  impregnated  by  the  general  altiminate?  Therefore,  the  mixed 

matrix  cathode  was  developed.  For  fabricating  this  cathode,  (  I-IO96  by  weight^)  SC2O3 
powder  and  (99-9096  by  weight^  tungsten  powder  were  uniformly  mixed  together,  and  tiio 
matrix  was  obtained  according  to  powder  metallurgy,  then  the  W-Se205  mixed  matrix  ca¬ 
thode  was  fabricated  by  impregnating  with  the  5:5:2  or  4:1:1  (Ba0;Ca0:Al205)lmpregnant 
mixture.  After  that,  the  emission  property  can  bo  measured  inn.  water  —  cnoliB^ 
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anode  diode  .  The  space->charge  limited  corrent  density  was  6A/cb^  at  10CX)*Q)  .This 
Talne  ia  4  times  as  high,  as  that  of  the  alnnlnate  cathode  and  similar  to  that  of 
coated  dispenser  cathode.  Bat  the  eaissleB.  property  of  i4-SCpO-  mixed  matrix  cathode 
was  excellent  at  low  temperatore .  The  space-charge  limited  Arrant  density  was  1.2- 
1.4A/cm^t  800  *Cb,  which  is  hatter  than  that  of  the  general  oxide  cathode  and  almost 
the  same  as  that  of  the  Sc^^oxide  coated  cathode. 

The  key  process  for  manufacturing  this  mixed  matrix  cathode,  besides  the  weight  per¬ 
cent  and  the  uniform  mixing  between  the  tungaten  and  Sc  ^3  powder,  were  the  fotming 
pressure  and  the  sintering  temperature.  As  long  as  these  factors  were  controlled 
better,  an  excellent  cathode  matrix  with  smooth  emission  sxirface  and  homogeneous  po- 
resity  can  be  obtained.  Elnisaion  of  the  cathode  are  therefore  orach  higher.  Otherwise, 
the  emission  property  will  become  bad.  ewnparing  this  mixed  matrix  cathode  with  the 
scandate  cathode  ,  although  emission  current  density  was  lower  than  the  latter  ,  the 
resistance  to  ion  bombardment  was  indeed  better.  The  dlsadrantage  for  this  cathode 
was  that  lots  of  Sc  ^3  powder  was  used, 

IMPROVED  SCANDATE  CATHODE 

The  scandate  cathode  has  widely  used  in  manufacturing  electron  tubes  today  .  At  the 
1985  Beijing  Inteinational  Rare-earth  Scientific  Conferei.-e,  ^or  this  cathode  mounted 
in  water-cialing  anode  diode, the  emission  current  ealues  gi/an  In  our  paper  were  that 
the  DC  current  density  of  derlation  point  was  aDora  XOk/casr  and  the  pulse  emission 
current  density  was  abOTc  ^k/cm^  at  the  operating  tamperature  of  1000‘Cb.  At  900*Cb, 
the  DC  emission  current  density  was  5-6A/an~  and  the  pulse  current  density  was  54A/cm. 
At  present,  this  kind  of  cathode  was  used  in  millimeter  ware  tnbe  .  While  cathode 
operation  in  electron  tubes,  sometimes  there  was  the  phenomenon  of  unsufficient  emi¬ 
ssion.  The  reason  may  be  caused  either  in  tube  manufacture  or  in  cathode  fabrication. 
As  a  cathode  researcher,  the  inrestigation  should  certainly  be  started  with  the  ca¬ 
thode  fabrication  .  The  scandate  was  made  by  co-precipitation.  Daring  preparing,  it 
was  found  that  for  the  sane  raw  materials  the  emission  properties  of  the  scandate 
were  different  in  each  preparation,  such  as  the  norm^  emission  current  density  was 
orer  lOA/cm^  at  lOOO'Cb  ,  but  poorer  it  was  5-6A/cm^  eren  much  lower,  only  3*iA/cm^. 
The  reasons  were  that  all  the  concentration  and  temperature  of  erery  solution  and 
Telocity  of  the  stirrer  baTe  influence  on  the  cathode  emission  ability.  In  order  to 
raise  the  cathode  emission  ,  lower  the  operating  temperature  and  obtain  identical 
emission  in  each  preparation  process,  we  prepared  more  than  10  kinds  of  compositions 
according  to  different  <;orablnations  among  the  concentration,  the  tf-^perature  of  the 
solution  and  the  relociiy  of  stirrer.  Experiments  gare  the  following  conclusions:  The 
temperature  for  all  solution  should  be  at  room  temperature.  The  optimum  Telocity  of 
stirrer  used  in  our  experiment  was  230  tums/min.  The  solution  concentration  must  de¬ 
pend  on  the  calculation  Talue.  As  long  as  the  aboTe  three  rules  were  strictlg;  obeyed 
while  preparing,  an  excellent  emission  property  can  be  obtained  for  each  preparation. 

IMPROVED  W  MATRIX  BODY 

The  new  -  type  cathode  consists  of  refractory  matallic  matrix  and  actlTO  materials  . 
When  the  InTcstigation  of  actire  material;, reaches  a  definite  stage,  it  is  necessary 
to  ImproYo  the  cathode  matrix  in  order  to  got  excellent  cathode  characteristics.  Such 
as  shape  of  tungsten  powder,  size  and  distribution  of  the  tungsten  powder  particles, 
spheroidization  and  classification  of  the  tungsten  powder  and  blue  tungsten  powder 
appl.'’  ition.  The  purpose  was  to  make  the  porosity  dimension  and  distribution  of  .the 
poi'  _  iiforra  and  to  increase  the  actiTe  material  coTering  on  emission  surface  in  or¬ 
der  to  get  a  high  and  uniform  emission. 

A.  Tungsten  Powder  Spheroidization  Experiment 

Spheroidize  the  general  tungsten  powder,  then  fabricate  the  scandate  cathode  according 
to  the  flow  chart  of  general  scandate  cathode  .  The  emission  measurement  for  this 
cathode  in  water  cooling  anode  diode  gawe  as  the  following  results:  The  DC  current 


dsnsity  of  derlatlon  point  \na  7~9K/a^  at  900*  Cb.  Coaparsd  with  the  general  scsnd- 
ate  cathode  made  by  unspheroidized  tungsten  po%rder,  the  eod^sion  current  density  was 
raised  50?^  The  DC  current  density  was  4-5A/cni^  at  800*  Cb,  it  was  mch  higher  than 
the  St^Ox-oxide  coated  cathode  and  the  W-v’)C20^  mixed  matrix  cathode.  These  results 
were  satisfactory.  But  the  disadrantage  for  spheroidized  tungsten  powder  was  that  the 
forming  was  difficult,  especially  for  the  classified  tungsten  powder  after  spheroid 
dlzed.  In  order  to  press  the  spheroidized  and  classified  tungsten  powder  into  matrix, 
it  is  necessary  to  mix  the  powder  with  paraffin  wax.  In  a  word,  tbs  spheroidized 
tungsten  powder  is  an  ideal  cathode  substrata  material.  But  it  is  difficult  to  buy 
this  kind  of  tungsten  powder. 

B.  HLus  Tungsten  Powder  Instead  Of  Isllow  Gbe 

In  the  past,  the  tungsten  matrix  was  fabricated  by  the  yellow  tungsten  powder  made 
by  yellow  WO^  ,  which  meant  particle-size  is  6-7tt.  Today  we  try  to  use  the  blue  tung¬ 
sten  powder (mesp  particle-size  :5-5u)  made  by  blue  W0._x  Instead  of  yellow  tungsten 
powder  to  fabricate  the  tungsten  matrix.  The  cathode^  emission  property  may  be  ob- 
'■'Vionaly  laprored.  This  experiment  is  being  done  now. 

C.  Tungsten  Powder  Qasslfieation 

Vie  are  going  to  classify  the  blue  and  yellow  tungsten  powder  with  the  mean  particle- 
size  of  and  6-7u.  Rsmowe  the  fine  and  rough  powder,  and  fabricate  cathode  ma¬ 

trix  with  the  medium  grained  tungsten  powder  in  order  to  obtain  an  excellent  amission 
surface  with  unlfozm  porosity. 

W-Ho  MIXED  MATRIX  SCANDATE  CATHODE 

It  is  reported  that  the  electron  emission  for  cathode* become  doubled  and  redoubled  at 
the  interface  between  tungsten  and  molybdenum  grains.  Ih  order  to  get  high  emission 
current  and  molybdenum  powder  with  the  same  particle-size  should  bo  mixed  as  unifonn 
as  possible  according  to  a  definite  composition. 

LAST  CATHODE  FABRICATION  PROCESS 

An  accurate  machlng  was  needed  for  the  cathode  used  for  millimeter  wawe  tube.  Dimen¬ 
sion  of  the  cathode  was  small,  a  high  maching  accuracy  and  excellent  emission  surface 
finish  must  be  reached.  During  the  last  cathode  fabrication  process,  the  following 
methods  were  used,  such  as  maching,  scraping,  grinding  with  high  ■wolocity  grinder  and 
polishing  with  thin  tungsten  wire  or  silrer  sand— paper.  Because  the  cathode  is  much 
smaller.  It  was  difficult  to  grind  it,  maching  and  scraping  can  only  be  used  here  . 
Thus,  it  is  difficult  to  quarantee  the  high  accuracy  and  excellent  finish  of  the  omi¬ 
ssion  surface.  A  high  accuracy  program-controlled  lathe  was  therefore  needed  in  order 
to  meet  the  above  requirements. 

CONCLUSION 

In  sunmary,  at  present  the  acandate  cathode  is  more  satisfactory  among  these  kinds  of 
cathode  investigated.  It  was  this  cathode  that  was  used  in  electron  tube.  But  the  emi¬ 
ssion  current  density  can  not  meet  the  requirement  of  electron  tubes,  such  as  a  pulse 
emission  cuiTent  of  20 A/cm  is  needed  for  some  millimeter  wave  tube.  Experiments  prove 
that  the  emissisn  cumAt  density  for  the  cathode  In  electron  tube  corresponds  to  ab¬ 
out  1/5  of  that  in  diode.  Thus  the  emission  current  density  in  diode  should  be  above 
lOGA/cm  .  According  to  the  characteristic  of  new  type  cathode,  the  emission  current 
density  should  increase  once  while  the  operating  temperature  of  cathode  is  raised  ab¬ 
out  50*Cb.  If  the  currant  density  is  34A/cm‘^  at  900 *Cb,  it  should  be  therefore  68A/cm^ 
at  950  Cb,  and  136A/cm  at  1000  Cb.  In  fact,  it  does  not  like  this.  If  the  progress 
has  been  extended  in  Investigation  of  cathode  matrix,  it  is  possible  to  get  the  pulse 
space  charge  current  density  of  2Qk/cm^  at  950 'Cb  to  meet  the  requirement  of  milli¬ 
meter  wave  tube. 
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NETWORK  SYNTHESIS  OF  RF  WINDOWS  FOR  NM  TWTS 
J.L. Zhang  and  G.J.Su 

(Beijing  Vacuum  Electronics  Research  Insti tute, China) 


1.  ABSTRACT 

A  novel  waveguide  RF  window  of  the  MM  wave  TWTs  is  described.  The 
design  theory  is  presented.  The  results  of  the  theory  and  experiment 
are  given.  The  wider  bandwidth  or  thicker  window  plate  than  old  type's 
can  be  obtained. 

2.  INTRODUCTION 

There  are  some  common  requirements  which  are  wide  bandwlth,  small 
VSWR,  low  loss  and  high  power  ability  etc.  of  RF  windows  for  TWTs.  The 
power  resistibility  of  low  and  mid-power  output  tubes  is  not  serious 
but  the  wide  bandwidth  with  a  small  reflection  is  more  difficult, 
especially  for  MM  TWTs,  because  the  bandwidth  rely  on  the  thickness  of 
the  window-plate,  the  wave  length  and  its  dielectric  coefficient  Eps. 
Unfortunately,  there  are  only  a  few  choices  of  the  dielectric  materials 
for  the  window-plate,  such  as  99%  A1203,  quartz,  sapphire  and  BeO  etc. 
The  dielectric  coefficients  Eps  and  strengths  of  the  materials  are 
quite  different  even  for  the  same  materia!  which  is  made  by  different 
technology . In  general,  sapphire  is  more  strong  but  its  Eps  is  above  11, 
so  which  will  limits  the  bandwidth  of  the  window.  BeO’s  Eps  is  about  5 
to  6  but  the  vacuum  tight  and  mechanical  strength  can  not  be  ensured 
if  its  thickness  is  less  than  0.5  MM.  In  this  paper,  the  structure  of 
the  window  with  a  thick  plate  has  been  discussed. 

A  mid-  power  MM  wave  TWT  of  USIil  has  been  using  a  inductance 
compensated  waveguide  window  instead  of  Pill-box  window  having  got  a 
good  result  .  VSWR  is  less  than  1.2  in  bandwidths  from  6  up  to  10  GHz 
with  1  MM  thickness  of  the  window-plate.  But  its  frequency  response 
was  obtained  by  adjusting  the  inductance  stubs  on  waveguide  wall  under 
cold-test.  It  is  not  easy  to  get  predict  response,  however,  also  can 
no  utiliae  theoretical  optimum.  Her^e  a  new  structure  of  the  inductance 
compensated  waveguide  window  has  been  raised.  The  dimensions  of  the 
structure  can  be  calculated  by  the  microwave  filter  network  synthesis 
theory  to  utilise  the  potential  source  of  the  bandwidth  at  the  thick 
windo’-  plate. 
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3.  STRUCTURE  AND  PHYSICAL  MODLE  OF  THE  FILTER  WINDOW 


The  structure  of  the  new  window  is  shown  In  fig.l.  There  are  three 
half  wavelength  cavities  consisting  of  four  pair  inductant  irrises  on 
the  narrow  walls  of  the  wave  guide.  The  middle  cavity  is  filled  with 
dielectric  plate.  This  is  a  bandpass  filter.  Its  equivalent  circuit  is 
shown  in  fig. 2.  This  filter  can  be  designed  by  a  standard  network 
synthises  process. 

First  step  is  to  get  the  values  of  the  low-pass  prototype  elements. 
For  maximum  flat  response  they  are: 

g{0)sl  (1) 

g(k+l )*2*s i nt (2*k-l )*pi/2] ,  k=l , 2 , 3 , . . - , n  (2) 

gCn*!)*!  (3> 

where 

pi=3. 1415926 


Fig  1 ,  Structure  of  filter  f  mu* 


? .  LQUivaient  cJTuit 


If  Chebyshev  response  is  required^  the  ripple  within  pass  band  must  be 
given.  Then  the  values  of  prototype  elements  can  be  looked  up  from  a 
table.  If  some  other  responses  are  interested  the  prototype  must  be 
given.  Now  the  loaded  susceptances  of  every  cavity  can  be  calculated 
fol iowingC2] 


B(i)=U(i)*Y(i-l) 


(4) 


where 


Y(i)=l/Z(i> 

is  the  characteristic  susceptances  of  the  waveguides. 


U(  i  )=sqrt  { [V(i  )  +  l/V(i )  ]*h(  i  )-[l-*-h(i  )**2]}  (5) 

In  eq(5)  the 

h(i)=Y(i}/Y(i-l) 

is  the  rate  of  the  adjacent  waveguides  and 

V(l)=V(n+lv=2/pi*wl '/rh*g(0)*g{l)  (6) 

V ( i ) =4/p i ♦wl ’ **2/ rh**2  ( i .GE. 2 . and . i . LE. n )  (7) 

rh=(al-a2 )/(al+a2 )  (ai  is  the  wavelength)  (8) 


where  al  and  a2  are  the  guided  wavelength  of  the  band  sides 
respectively,  wl '  is  equal  to  1  in  above  equations. 

The  electric  length  of  every  cavities  are: 

<a<i)=2/pi  F(l)”  ♦  F(i+1)’  (9) 

F(  i )  ’  =  l/2*arctg{  CU(  i  )**2>h  ( i  )**2-n/ 12*U(  i )  ] )  (10) 

F(i  )’’sl/2*arctg{[U(  i  >**2*  1 -h  ( i  )*f<2  3/ [2*h  ( i  )*U  ( i )  1 )  (11) 

The  dimensions  of  the  inductant  irrises  can  be  calculated  from  B'.i) 
using  Marcuvitz’s  equa t i ons C3 ] .  As  a  matter,  the  guide  wavelengths, 
characteristic  impedances  and  the  electric  length  of  the  waveguides 
tightly  relate  on  dielectric  coefficients  of  the  filling  materials.  Up 
to  now  the  all  dimensions  of  RF  window  can  be  designed. 

4.  RESULTS 

A  computer  program  has  been  created  to  deal  with  the  calculation-  Then 
the  results  are  identified  by  the  cold  test.  The  typical  response 
functions  of  the  calculation  and  test  are  shown  in  fig. 3  and  fig. 4.  In 
same  bandwidth,  the  thickness  of  the  window  plate  of  the  new  window 
increases  about  2.5  times  of  the  Pill-box  window[4].  And  the  theory  Is 
agreed  with  the  experiment  well.  -Only  the  bandwidths  of  measurement 
are  a  litt<«  less  than  theoretical  one. 

5.  CONCLUSION 

The  new  filter  RF  window  has  a  thicker  window  plate  than  Pill-box 
windowt43.  It  is  more  suitable  to  the  MM  wave  TWT.  The  design  method 
is  convenient  and  accurate. 
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A  new  generation  of  the  millimeter -wave  synthesizers  provide 
high  stability  and  very  low  phase  noise  signal  from  37.5  to 
GHz.  This  is  accompl.'.shed  by  phase  locking  mm-wave.  oscillator 
to  an  internal  reference  or  external  reference  of  5  MHz  or  10  MHz. 
Backward-wave  oscillator  C8W0)  are  used  as  a  source  of  mm-wave 
signal.  Each  of  BWO  cavers  the  full  waveguide  band. 

The  instrument  provides  synthesized  mm-wave  signals  in  precise 
increments  of  100  Hz  Maximal  output  power  of  the  synthesizers 
varies  up  to  25  mW  depending  on  waveguide  band  and  design. 

hta-wave  sygnal  can  be  AM,FM  and  pulse  modulated. 

Combination  of  fast  frequency  switching  C5-20  ms)  with 
microprocessor  control  gives  a  wide  sweep  capabilities  of  mm-wave 
synthesizers. 

The  synthesizers  consists  of  a  main  frame  and  nun-wave  module 
(aenerator).  Each  of  three  mm-wave  modules  has  one  of  bands;  37,5- 
53,57  GHz;  63.57-78.33  GHz;  73,33-118.1  GHz. 
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Figure  1  shows  signal  spectrum  of  the  synthesizer  at  96,02  GHz. 
It  is  taken  with  a  spectrum  analyzer  at  the  20  MHz  IF.  The  vertical 
scale  is  10  dfl/div  and  the  horizontal  scale  is  10  KHz/div.  The 
resoiusion  bandwidth  is  100  Hz, 

The  instruments  are  used  as  signal  source  for  complex  impedance 
meaLsurements  and  broadband  receiver  testing. 

Mm-wave  synthesizers  are  used  for  molecular  spectra 
measurements  of  OCS,  I^.p,  CI^  .  A  some  rotational  transitions  were 
measured  to  tesi  the  accuracy  of  new  synthesizers. 

Figure  2  shows  an  absorption  spectrum  of  OCS  moiecul,  obtained 
on  spectrometer  with  acoustic  detector  [13.  The  signal  from 
absorption  line  at  FM-mode  and  fast  frequency  switching  with  step 
of  0,1  MHz  IS  illustrated  in  the  left  part.  The  right  part  shows 
scan  of  a  little  part  in  the  center  of  line  with  step  of  0,0003  MHz 
In  this  case  accuracy  of  the  center  line  measurement  is  a  few  KHz. 

Figure  3  shows  absorption  spectrum  of  J=18-17 
transition  at  frequency  of  101789  MHz  and  at  pressure  of  0,5  torr 
in  AM-mode.  It  was  the  demonstration  of  possibilities  of  the 
synthesizers  for  investigation  of  intermolecul  interaction,  in  this 
case  coilisional  line  broadening. 

The  traditional  viceospecrrometer  with  passing  ceil  of  one 
meter  long  and  crysiai  detector  was  used  for  investigation  of 
narrow  line.  The  results  show,  that  resolution  of  gas  spectrometer 
with  mm-wave  synthesizer  is  limited  by  Doppler  effect  oniyCj^'^lO"®). 

The  results  of  using  of  the  instruments  show  high  measurements 
precision.  Furthermore  a  wide  programmabilities  does  work  with 
synthesizers  extremely  simple  and  comfortable. 

Similar  synthesizers  up  to  178  GHz  are  developed  now. 
Furthermore  signal  on  more  higher  frequencies  can  be  obtained  by 
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Figure  4.  Mm-wave  frequency  synthesizer 
from  53,57  to  78,33  GHz. 


multiplication  because  of  sufficient  output  power  of  the  mm-wave 
synthesizers. 
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A  aodern  te<^oloMty  allows  to  czWte  seaiconductor  structures 
which  possess  phjrsical  peculiarities  inportant  for  SHF  electronics 
(ballistic  transport.  diaensional  quantua  effects.  etc,).  In 
particular,  in  sucdi  structures  electroaacnetic  oscillations  can  be 
unstable  as  a  result  of  transient  radiation  of  the  charged  particle 
flur  /1/-/2/- 

In  the  present  report  a  aechauiisa  of  arisinc  of  negative  frequency 
conductivity  in  suhaicron  structures  has  been  suggested  and 
investigated  on  the  basis  of  the  effect  of  transient  radiation  of 
particles.  Such  structures  are  as  follows:  well-known  seaiconductor 
structures  aade  of  gal  iua- arsenide  and  aluainiua-galliua  arsenide 
(devices  of  the  type  of  a  tunnel  aaplifier  with  a  transfer  of  hot 
electrons) /3/ . 

We  consider  a  structure  consisting  of  a  seaiconductor  layer 
liaited  by  two  ideally  conducting  planes.  Here  a  seaiconductor  occupies 
a  space  region  0£x<L;  a  systea  is  unliaited  in  the  direction  y.s. 

A  current  created  by  an  injected  particle  with  a  charge  e  and 
effective  aass  a,  has  the  following  fora 


), 


(1) 


whore  V~*'^*oxpi.(Jn?-E^h~*t)  is  the  wave  function  of  a  free  electron 
with  the  dispersion  Law  fi^=h^k*/2a,  )C=(k,0,0)  is  the  wave  vector,  h  is 
the  Plank  constant,  p=hk,  V=LS,  S  is  the  square  of  t>ie  cross-section  of 
the  saitple. 

Further  suppose  that  the  layer  is  affected  by  a  weak  longitudinal 
hoaogcaerms  field  E=:''C  ^dA(t)/^,  where  A(t)s( A^,0,0)  is  the 
vector-potential  which  is  a  tiae  periodic  fmiction  A(t)=Aexp(-t>(<>t)> 

igt 

A  e.Tp(vut> .  Then  an  addition  to  the  stationary  current  of  the  particle 
aay  be  writtiw*  as 
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The  whole  density  of  the  altemattnc  carrent 


be  written  as 


J=Dh4. 


where  n^.  is  the  lauiAaer  ol  electrons  in  the  k  state. 

The  whole  wave  function  of  the  particle 
Shredinser  equation 


where 


satisfied  the 


eA(t): 


Having  used  the  known  wethod  of  constants  variance  for  solving 
linear  differential  equations  /V,  we  find  froa  the  expression  (4) 

-t>'  <5' 

Accounting  for  the  energy  of  the  injected  particles  in  subaicron 
structures  to  be  distributed  in  the  coaparatively  narrow  doaain  near 
any  central  value  of  the  applied  Intensity  one  nay  consider  a 
distribution  function  to  be  equal  to 

n,^=(2rr)*ti^<5(k-k^)6(ky)6(k.^)  ;  hk^=wv^.  (6) 

Substituting  this  value  into  the  foraula  (3)  and  passing  from 
susaation  over  k  and  k'  to  integratioin  we  obtain  the  following 
expression  for  the  high  frequency  conductivity  of  the  semiconductor 
structure  with  allowance  for  poles  <o>|^  and 


^  (k  4k  )*  ^  .  (k  -k  )*  ^  J 


k  4k 


(k^4k_ 

k„-k 


(k„4k  )*  2  o  ♦  ^  ^2  2  “  *  j; 


where  k^=/  k*±2m«.>/h  ,  Bek^>0  .  lak^<0  ,  t=L/v^  is  the  time  of  the 
electron  transit  through  a  layer,  hw  is  larger  than  the  r  width  of  the 


k^  level, 
o 


It  is  seen  from 


expression 


that  under 
le  processes 


condition 

electron 


the  first  product  specified  by  the  processes  of  electJ 
emitting  of  quantums  of  the  electromagnetic  field  and  proportional 
the  multiplayer  exceeds  the  second  one  which,  in  its  turn,  i 
proportional  to  kj*  and  specified  by  electron  transits  with  quantui 
adsorption. 


In  a  classic  case  2h<«><<mv^  from  the  formula  (7)  we  arrive  at 


where  w 


'o-[  m  J* 


2  is  the  plas 


frequency  of  electrons. 


Conductivity  has  an  oscillating  character  specified  by  definite 
x'elations  between  the  time  of  the  electron  transit  trough  a  layer  and  a 
period  of  oscillations. 

The  absolute  value  of  the  negative  conductivity  reaches  the  most 


meanixig  at  2hw<«v^  in  the  conditions  of  the  of  the  resonatise: 


k  b=nn. 

O 


'<»hen  an  odd  number  of  de  Blog  lie  semiwaves  for  the  electrons  with  the 
energy  mv*/2  (n=l,3,5...)  falls  on  the  sample's  length 

,  w  / 1  ■■  k  L 


At  2ho»mv^  the  conductivity  becomes  a  positive  value.  In  the  case 
2h«>>mv^  it  has  the  following  form 

2  2  1 

,  ^  r— — ^ 


An  [2h«J  2h  J  ' 


Under  such  conditions  electron  transits  are  posible  only  with 
absorption  of  quantums  of  the  eletrromagnetic  field. 
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BALLAST  ELECTRON  BEAMS  IN  0-TYPE  BEVICZS  ’.VITH  DISTRIBUTED 
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In  0-type  devices  with  a  strip  electron  beam  ein  interaction 
channel  is  usually  homogeneous  at  sjTnmetrical  placing  of  the  bean 
in  the  channel.  Here  minimum  of  distribution  of  the  static  potenti¬ 
al  specified  by  the  action  of  a  static  space  charge  is  in  the 
middle  part  of  the  beeun,  and  ions  of  the  residual  gas  considerably 
influence  the  energy exchange  process.  An  action  of  such  natural  ion 
trapping  may  be  reduced  by  the  displacement  of  it  from  the  region 
of  effective  interaction  of  electrons  with  the  HP-field  at  the  ex¬ 
pense  of  asymmetric  arrangement  of  the  beam  in  the  channel  or  by 
introducing  additional  ballast  beams  and  inhomogeneities  of  geometry 
in  the  form  of  jumps  of  the  channel's  v;idth. 

On  the  base  of  analytical  and  numerical  calculations  of  the  po¬ 
tential  distribution  at  different  geometry  of  the  channel  and  asym¬ 
metric  placing  of  the  electron  beam  the  the  analysis  has  been  carri¬ 
ed  out  of  the  influence  of  electrostatic  fields  on  output  characteri¬ 
stics  of  devices.  It  is  shov.n  that  by  the  choice  of  geometric  para¬ 
meters  of  the  beam  (aimed  distance,  width,  thickness)  and  channel 
(v/idth  of  narrow  and  wide  parts)  one  mn-'  control  the  absolute  value 
of  minimum  of  potential  deflection  and  realise  the  displacement  of 
ion  trappir.g  to  the  non-working  region  of  the  interaction  space.  The 
ballst  part  of  the  electron  beam  required  for  this  action  may  amount 
not  more  than  15%  of  the  total  beams.ls  width. 

Introducing  of  the  separate  ballast  beam  at  the  definite  dis¬ 
tance  from  the  working  one  allows  to  control  more  effectively  the 
placement  of  the  ion  trapping  with  conservation  of  the  total  cons¬ 
tant  beams  power. 

It  is  follows  from  the  analysis  tha'-  a  static  space  charge  of 
the  strip  beam  of  the  fa-^ite  thickness  influences  differently  on  the 
characteristics  of  devices  of  the  t3q5es:  orotron,  Diffraction  radia¬ 
tion  generator  and  resonance  TWT,  BWT. 
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STATISTICS  AND  VARIABILITY  OF  MILLIMETRE-WAVE  PROPAGATION  AND  RELATED 

METEOROLOGY  OVER  A  500  m  PATH 

CLGibbins 

Radio  Commumcadons  Research  Unit 
Ratherford  Appietan  Laboratory 
Chilton,  Didcot,  Oxfordshire,  0X11 OQX,  UK 


Introductiffia 

in  order  to  facilitate  the  provision  of  new  and  funoe  communications  services  and  to  relieve  spectrum 
congestion  at  lower  frequencies,  increasing  interest  is  being  shown  in  exploiting  the  millunetiic  wavebands,  at 
frequemiies  above  30  GHz.  At  such  fcequendes,  rain  is  the  dfwninant  factor  in  determining  the  reliability  (tf 
conununications  systems.  However,  there  is  growing  evidence  which  suggests  that  extrapolation  into  the 
millimetric  wavebands  of  cunent  prediction  {xocedures,  for  example  those  recommended  by  the  Intematioaal 
Radio  Consultative  Committee  (CCIR)  [1],  may  not  be  completely  te&able.  Specifically,  such  evidence 
suggests  that  rainfall  attenuation  may  be  under-estimated  at  frequencies  above  about  40  GHz.  Unfonunately, 
there  is  currently  a  lack  of  sufficient  data  on  rain  attenuation  at  such  frequencies  with  which  to  test  and  improve 
the  various  {nediction  techniques. 

To  address  these  problems  and  to  improve  the  availability'  of  propagation  4ata  at  frequencies  in  the  millimetric 
wavebands,  the  Rutherford  Appleton  Laboratory  operates  the  500  m  Millimetre-Wave  Experimental  Range  at 
Chilbolton  (MWERAC)  in  Hampshire,  U.K.  (latitude  57®  8'N,  longitude  1“  26'W.  elevation  84  m).  The  range 
is  a  well-instrumented  open-air  laboratory  designed  to  monitor  ixt^)agation  in  the  millimetric,  infra-red  and 
optical  wavebands,  in  conjunction  with  a  comprehensive  set  of  meteorological  observations.  Measuremems 
from  the  range  have  been  compiled  into  a  3-year  database  of  propagation  and  related  meteorology  which  is 
being  used  to  investigate  the  statistics  of  radiowave  propagation,  for  application  to  the  planning  and  design  of 
future  conunutri  cations  systems,  and  to  investigate  in  fi**raii  the  interaction  between  radiowaves  and  the 
prevailing  meteorology.  This  paper  presents  some  of  the  results  of  the  statistical  analyses. 

Insirumeatatipn  and  tlie.Balalia« 

The  Millimelre-Wave  Experimental  Range  at  Chilbolton,  which  has  been  described  in  detail  elsewhere  [21. 
comprises  six  transmission  links,  4  m  above  flat  grassland,  operating  at  37,  57,  97  and  137  GHz  with  vertical 
polarization  and  at  10.6  and  0.63  pm  with  random  polarization.  The  meteorologica]  instruments  which 
complement  the  links  include  three  rapid-response  raingauges,  a  rapid-response  snow/hail  gauge,  thermometers 
and  hygrometers  at  a  number  of  locations  and  heights  above  the  ground,  a  distrometer  to  measure  the 
distribution  of  raindrop  sizes,  a  microwave  refractometer,  barometer  and  an  anemometer. 

Data  from  the  range,  sampled  at  a  rate  of  0.1  Hz,  have  been  calibrated  and  validated  [3]  and  compiled  to 
produce  a  3-year  time -series  database  of  calibrated  atteim^ons  and  related  meteorology,  classified  according  to 
the  different  kinds  of  events,  i.e.  rain,  snow,  fog  and  .scintillation 

Statistical  Results 

Figure  1  shows  the  cumulative  distributions  of  the  levels  of  attenuation  exceeded  over  the  three-year  period,  for 
all  events.  As  would  be  expected,  these  show  that  the  levels  of  attenuation  increase  as  a  function  of  flrequency, 
while  the  dramatic  increase  in  the  distributions  for  the  infrared  and  optical  systems  is  due  to  the  effects  of  fog, 
the  incidence  of  which  is  2-3%  of  the  year  in  southern  F.ngland 

Of  major  importance,  as  noted  in  the  Introduction,  are  the  effects  of  rain  on  millimetre-wave  propagation.  The 
database  has  accordingly  been  analyzed  in  terms  of  rain  ^tenuations  and  concuireni  raini^  rates,  thereby 
allowing  a  comparison  with  power-law  relationships  of  the  farm 
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AQenuatioo  (dBAam)s  kR" 


(1) 


wine  R  is  the  rainfall  rate  (in  nun/h)  and  k  and  a  ate  fiequeacy-depeadent  coefficients.  Bgme  2  sbows  the 
results  to  57  GHz  attenuatitnis  and  concunent  rain^  rates  over  the  tbiee-year  period.  The  broken  line  is  tfae 
CCIR  prediction  [4]  based  on  the  measured  rainrate  distzibutioa.  It  is  clear  tbat  the  CCIR  model 
underestiinates  rainfall  frequencies  at  tbese  frequencies. 

Regression  analyses  have  been  carried  out  on  the  results  to  derive  experimental  values  to  the  coefficients  k  and 
a  in  Eq.  (1).  which  are  listed  in  Table  1,  together  with  tfae  CCIR  values  to  tfae  relevant  frequencies. 

TABLE  1 


f 

(GHz) 

1 _ k _ 1 

1  Present  1 

CCIR 

Present 

CCIR 

37 

0.26 

0.92 

0.95 

57 

0.59 

0.74 

0.84 

97 

1.05 

0.65 

0.75 

137 

1.20 

0.56 

0.72 

Overall,  the  CCER  model  underestimates  the  coefficient  k  and  overestimates  the  coefficient  a,  wlKn  compared 
with  the  results  found  in  the  present  work,  with  the  net  effea  of  underestimating  tfae  attenuation  in  rain, 
particularly  at  the  higher  frequencies. 

Long  term  studies  of  attenuation  and  rainfall  rate,  such  as  in  Hgure  2,  are  essential  to  establisfaing  accurate  and 
reliable  models  for  the  prediction  of  rain  attenuation  from  rain  rate  statistics  which  are  routinely  produced  by 
meteorological  bureaux,  to  example.  This  enables  system  planners  and  designers  to  assess  the  magnitude  of 
average  fade  margins  to  incorporate  into  link  budgets,  in  order  to  achieve  a  specified  level  of  reliability. 

However,  rain  is  a  stochastic  process  and  varies  considerably  both  in  time  and  space.  For  example.  Figure  3 
shows  the  annual  cumulative  distributions  of  rainfall  rate  which  were  exceeded  over  three  years,  as  measured 
by  the  three  raingauges,  spaced  200  m  apart,  along  the  500  m  range.  The  broken  line  is  tfae  long-term  average 
for  the  three  gauges  over  three  years.  At  a  time  percentage  of  0.01%  of  the  year,  the  variance  in  the  rainfall 
rates  which  were  exceeded  to  the  nine  raingauge-years  in  -25%,  which  is  typical  of  the  expected  year-iO'ycar 
variafaiiity  in  the  weather  system  [5]. 

While  the  statistics  of  propagation  will  vary  from  year  to  year,  and  must  be  considered  in  planning 
communications  systems,  there  is  also  considerable  variability  within  a  year,  and  for  many  broadcast  services, 
for  example,  an  estimate  of  the  extremes  of  systems  perfcsmaoce  within  a  year  is  requited  in  the  planning  and 
design  process.  Such  extremes  are  generally  assessed  using  the  concept  of  "worst  month"  [6],  whereby  for  a 
given  threshold  (i.e.  level  of  attention  or  rainfall  rate),  the  longest  time  percentage  of  exceedance  in  any  month 
of  the  year  forms  the  basis  of  the  resultant  cumulative  distribution  of  extreme  values.  Note  that  the  worst 
month  need  not  necessarily  be  the  same  month  for  each  thnesho’d  value.  From  such  analyses,  it  becomes 
possible  to  develop  models  to  predia  worst-month  performance  from  more  widcly-avaiiable  aimual  statistics. 

The  data  from  the  5(X)  m  range  have  accordingly  been  analyzed  to  yield  monthly  cumulative  distributions  of 
attenuation  and  rainfall  rates.  Figure  4  shows  the  time  percentages  which  various  levels  of  attenuation  were 
exceeded  during  the  worst  month  (for  all  events),  compared  with  the  ammal  time  percentage  that  those  levels 
were  exceeded,  for  the  six  links,  and  clearly  shows  that  a  power-law  relationship  exists  between  the  two 
quantities.  It  is  of  interest  to  note  that  the  same  law  ^jpears  to  hold  for  both  the  millimetric  wavelengths, 
which  are  dominated  by  rainfall  attenuation,  and  the  infrared  and  0{mcal  wavelengths,  where  systems 
perionnance  is  influenced  most  by  fog. 

It  has  become  customary  to  define  a  ratio  Q,  such  that 
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It  bas  become  cu^mary  to  define  a  ratio  Q.  such  that 


Q=P,/Py  (2) 

where  is  the  prc^ability  (or  percentage  of  time)  that  a  given  threshold  is  exceeded  in  the  wast  mtmth  of  a 
year  and  Py  is  the  probability  t^  die  same  threshold  is  exceeded  during  the  fiiU  year.  Obviously,  Q  is  also  a 
power-law  function  of  Py: 

Q  =  aPy»  (3) 

Hgure  5  shows  the  ratio  Q  deduced  finom  the  attenuation  data  shown  in  Figure  4.  together  with  the  values 
deduced  fiom  an  analogous  analysis  of  rainfall  rates,  as  a  function  of  annual  time  percentage.  While  there  is 
some  scatter  in  the  results,  it  is  clear  that  approximately  the  same  law  holds  for  both  attenuations  ami  rainMi 
rates.  The  continuous  line  is  the  regression  of  aU  the  riata  to  Eq.  (3),  the  resultant  coefficients  of  which  are 
given  in  Table  2,  which  also  lists  the  values  of  a  and  b  fex  separate  analyses  of  attenuatioii  and  rain,  together 
with  the  CCIR  global  model  [7].  This  latter  is  shown  in  Rgure  5  as  the  broken  line. 

TABLE 2 


Analysis: 

a 

•"‘""iT"  - . i 

Average  worth  month 

2.25 

Annual  attenuation 

2.13 

Annual  rain  rate 

2.28 

CCIR  (Global) 

2.85 

There  are  differences  between  the  results  deduced  hom  the  present  work  and  the  CCIR  model.  However,  this 
is  not  regarded  as  particularly  significant,  since  it  is  expected  that  there  will  be  regional  or  climatological 
vanations  in  the  values  of  these  coefficients. 

Models  such  as  these  can  be  very  useful  in  estimating  the  extremes  of  systems  performance  from  widely- 
available  long-term  or  annual  statistics  of  rainfall  rates,  for  example,  and  are  frequently  employed  in  tte 
planning  and  design  of  broadcast  services,  which  generally  demand  very  high  levels  of  t^wrational  reliability. 

SiimnnirY 

This  paper  has  discussed  some  results  of  statistical  analyses  of  propagation  conditions  in  the  millimetre-wave 
region  of  the  electromagnetic  spectrum.  Such  wavelengths  are  becoming  increasingly  considered  and  exploited 
in  order  to  satisfy  the  demand  for  new  communications  systems  and  services,  and  to  relieve  spectrum 
congestion  at  lower  frequencies.  The  results  presented  wiU  be  of  value  in  the  development  and  improvement  of 
accurate  prediction  procedures  required  for  the  planning  and  design  of  such  communications  systems. 
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Fig.  3.  Annual  rainrate  distributions  from  three 
spaced  raxngauges  over  three  years. 
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Fig.  5.  Variation  of  the  ratio  a  as  a  function  of 
percentage  of  year. 
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Fig.  4.  Percentage  of  time  in  the  worst  month 
that  various  threshold  attenuations  were 
exceeded  compared  with  annual  exceedances. 
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ATTERUA7I0N  AND  DEPOLARIZATION  FOR  JUm  WATT  BARD  INDOCED  BY 
RAIN 

HDARG.Ji  Ying  and  WANG.Yl  Ping 

(Xidian  University,  P.O.Box  274,  710071  Xi*an,  PR  CHINA) 
ABSTRACT 

In  this  article,  the  effects  of  rain  induced  attenuation  and  depolari¬ 
zation  for  am  wave  have  been  described  and  diacused.  It  is  found  that 
Weibull  distribution  of  rain  drops  is  in  more  agreement  than  that  of 
L-P  distribution  in  Xi'an  area  for  3  wave  band. 

INTRODUCTION 

Attenuation  and  depolarization  of  radio  waves  through  the  rainy  region 
have  a  strong  dependence  upon  the  size  and  the  canting  angle  distribu¬ 
tions  of  rain  drops.  Due  to  different  climates,  these  effects  have  evi¬ 
dently  different  characters  in  different  regions.  Xi'an  is  located  at 
the  eastern  part  of  Northwest  China  (N34°5' ,£1080^5’ )  has  the  climate 
of  continental  monsoon.  Therefore,  our  investigation  has  typical  sig¬ 
nificance. 

It  is  found  that  in  this  area,  Weibull  distribution  of  raindrop  sizes 
has  better  agreement  with  the  result  obtained  than  that  of  L-P  distri¬ 
bution. 


COEFFICIENTS  OF  ATTENUATION  AND  PHASE  SHIFT 

There  are  several  modes  of  raindrop  distributions  such  as  L-P  distribu¬ 
tion,  M-P  distribution,  A-0  distribution,  Weibull  distribution,  and 
log  normal  distribution.  They  all  have  relationships  with  local  clima¬ 
tes.  In  which  the  I— P  distribution  is  used  more  widely.  It  is  a  dis¬ 
crete  representation  of  average  sizes  of  rain  dropsl.  For  3  mm  wave¬ 
length,  however,  in  consideration  of  small  raindrops  L-P  distribution 
usually  underestimates  the  abso^tion.  In  this  wavelength  range,  effects 
of  small  raindrops  become  more  important,  so  that -Weibull  distribution 
will  give  more  exact  estimate. 

In  Weibull  distribution,  raindrop  density  spectrum  n(D)  as  a  function 
of  the  diameter  D  can  be  written  as^ 

n(D)snQ(cA) (D/b)°“^  e-(D/b)° 

where  n  «1000  m”^  ,c*0.95R®*^^  ,b»0,26R®*^nm,  and  R  is  the  rain  rate. 

An  empirical  formula  based  on  the  data  in  Xi'an  has  been  expressed  as 

n(D)-n^e”AD  (2) 

where  values  of  n5-3820-6714  m'3{inin)'l, A»1.6-2,2  mm"^.  , 

The  attenuation  through  rainy  region  can  be  calculated  by> 


•  SIS* 


A*4 


.3^3Sq, 


^(D)LQn{D)(lD 


dB 


(3) 


where  Lq  is  the  propagation  path  length.  extinction  croee 
section  of  a  single  drop  and  relates  with  the  forward  scattering  coef¬ 
ficient  by 

(D>=(x^A)S(P) 


ex 


(4) 


For  non-spherical  drops,  the  scattering  coefficient  Sjj(O)  in  the  plaine 
formed  by  the  symmetric  axis  of  a  rain  drop  and  the  direction  of  propa¬ 
gation' is  different  from  3j(Q)  which  is  perpendicular  to  the  above 

plane.  Coefficients  of  attenuation  of  dB  per  kilometer  can  be  calcula¬ 
ted  with  Sjj(O)  and  Sj(0)  by  following  formulas^  respectively 

l^nax 

A2=(A2/Tr)4.343*lo35Re[Sjj-(0)]  n(D)dP  dSAm 

An  in 


(5a) 


5  -/max 

A3^s(^  A)^.3^3"10'’)RelSi{0)]n(D)dB  dSAn 


Anin 


The  corresponding  phase  shifts  can  be  calculated  by 

^ax 

^2»(*V»^)90*1o3  J  Im[Sjj(r)3n(D)dI}  degAm 

Hnin 

^max 

^3^«(A2/«f2)90>«103  f  Im[Sj(0)]n(D)dD  degAm 

D  . 
min 

Substituting  (1)  and  (2)  in  (5)  and  taking  values  of  Sjj(O)  and  Sj(0) 

from^  ,  for  f»95GHz  the  attenuation  and  phase  shift  coefficients  in 

Weibull  distribution  and  the  empirical  distribution  have  been  computed. 
For  R*12,5mm/h,  an  example  is 


A2 

7.1719 

8.8027 

^1 

6.7794 

8.3775 

CALCULATION  OP  XPD 


For  calculating  the  coherent  depolarized  effect  induced  by  non-spherical 
raindrops,  the  following  formula  must  be  used, 

2  2 
DeC+Ccos40^e"®^  ♦Ecos29_e"^^ 

XPDjfS  lOlog - — - 2 -  dB  (6) 

^  C-Cco848oe"^*‘ 

where  8o»6®,  O*  =20,4°  (R<40mm/h),  and  Oo«7.2°,**33°  (R*40mmA)'in  Xi’an 
area.  In  equation  (6),  8^  is  the  average  value  of  canting  angles  and  r- 
is  its  standard  deviation.  Parameters  C,  D.  and  E  can  be  obtained  by 

,  SIC  • 


Fig. 2  Variation  of  XPDj^  with  distance 


formulas  in^  .  The  calculated  attenuation  and  phase  shift  coefficients 
have  been  used  to  get  XPD's  for  different  paths  and  different  rain  rate. 
A  part  of  results  of  XPDu  are  shown  in  figures  1  and  2,  respectively. 
Curve  a  is  with  Weibull  distribution,  curve  b  is  with  L-P  distribution 
{data  from  ^  ),  and  curve  c  is  with  the  ewpirical  negative  exponential 
distribution.  It  is  noticed  that  under  the  same  condition  of  rain  rate 
XPD’s  calculated  by  Weibull  distribution  and  the  empirical  distribution 
are  smaller  than  those  by  L-P  distribution.  This  suggests  that  for 
estimating  the  influences  of  small  raindrops  Weibull  distribution  is 
more  suitable. 


STATISTICAL  DISTRIBUTIONS  OF  XPD  AND  CPA 

There  are  formulas  recommended  by  CCIR^  to  calculate  CPA  for  0.01?5  time 
propability  such  as 

CPAq^OI  *aR§^giLgKo,oi  *  *^0.01  • 


•  SIT  • 


l/[U(L/Lo)l 


(7) 


and 


(8) 


L^s35exp(-0.015R 

for  RSL7.4  fflm/Ii  with  psO^OlJf.  With  (7)  and  (8)  CPA  and  K  of  ol^er  proba¬ 
bility  can  be  obtained  by 

CPAp/CPAQ^Ol  (O.Olspdl)  (9) 

and 

Kj,=B(p)(Ho.01  /Rp'%.01  (10) 

For  f=95GH2  and  T=20°C  walues  of  a  and  b  in  different  polarizations  are 
aH=1.094  bjpO.7476  (horizontal  polarization) 

aY=1.033  by=0.7483  (vertical  polarization) 

These  formulas  have  been  used  to  obtain  the  statistics  of  XPD  and  CPA 
as  shown  in  figure  3*^ 

For  Weibull  distribution  the  following  formula  must  be  used  ^ 


Fig.3  Percentages  probability  of  XPD^  and  CPA^  lower  than 
ordinates  ”  ” 

CPAj£sl01og|expt-(  0^  ctg)!]  [l>fC+Ccos4©Qe“®*'  ♦EcosZQpe”^^ 

dB  (11) 

where  C,  D,  and  E  can  be  obtained  by  the  same  method  as  those  in  equa¬ 
tion  (6).  Using  attenuation  and  phase  shift  coefficients  calculated  by 
equation  (5)  and  rainfall  distribution  as  mentioned  in  above  sectioni 
the  statistical  value  of  XPD  and  CPA  can  be  obtained  by  equation  (11). 
Results  are  shown  in  figure  3*  Curve  of  the  empirical  distribution  al¬ 
most  coincides  with  that  of  Weibull  distribution.  They  are  undisting¬ 
uished  from  each  other,  so  only  the  result  of  that  of  curve  a  is  shown. 

PRELIMINARY  CflJNGLUSION-^ 

For  the  climate  of  internal  continental  area  Weibull  distribution  of 
raindrops  is  more  practical  in  prediction. 
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SlOi  MICIOVAYK  lADfOIISTBK  AND  8KT  lAOIOMBTKIC 
TBliPnATUKB  tISKABCH 


XhaBff  X«ylB,  DbbcJbb 

(BbbsIibbc  UBiTBrilty  of  SoIbbbb  BBd  TaeliB«lotT,  WbAbb, 
CAIbb) 


ABSTBACT 

TAi>  yaytr  daBerlbea  the  3mm  rBdioaeiar' •  atritetBra  Bad  it*  propsrty. 
Aa  taflaBBtiat  BstAod  1>  (!▼•&  to  eBlaBlatB  tbo  Sbbi  akp  taaparinra,  aad 
tt  ta  aoaiparad  witk  tka  faal  aaaoBr aaiaat*  faaad  tka  t«o  taaalta  ara 
a  iffll  1  ar. 


INTRODUCTION 

Baoaaaa  of  Ita  ali>waatkar  oapability,  simpta  eaaf Igar at ioB  aad  good 
oooaeaiaaati  paaai^  aierowaTO  radioaatrp  baa  baao  titilitad  Id  aora  aad 
acre  flelda.  iaoludiBg  reaote  seasiagt  atttoaatie  guldaaee  aad  to  oa. 
Honavat,  OTor-large  aataeaa  apartara  it  aoi  anitable,  to  tka  apatiai 
raaolntloa  of  radioeatry  It  aoraally  aot  hlgk,  and  tkla  llaltatioo  hat 
terloaaly  affeated  tka  appllaationa  of  radioeatry.  la  order  to  iaproae 
tka  apatiai  raaolttiioa,  radioaatar  is  baiag  daaalopad  to  high  fragaaB- 
ay.  la  the  early  19708,  it  was  reported  tkat  a  Sam  laaglag  radioaatar 
tyttee  aaa  doTaloped  aad  a  aariaa  of  aaeareaeatt  aad  retaarekaa  oa  tka 
tarraia  radioaetrle  propertiaa  oaa  eada.  Tka  ratearek  at  koaa  oa  tkit 
field  it  aot  atill  dereloped  beeaate  of  the  liaitatloa  of  eoapooeatt. 
Uader  tka  tnpport  of  Cao  Tltlog,  who  works  ia  2iJlo  Nountaio  aatroooiDi- 
oal  okaarratory,  wo  hare  dareloped  tka  Saa  total  power  radioaatar  and 
also  aaaittrad  tka  Sam  tk;  radioaetrle  teaperatnre  oting  fraqnant  eati- 
bratioa.  Tka  raaultt  obtainad  kare  tkowa  good  agraeaent  witk  tkeoretl- 
eal  eniantatlona. 

3MM  TOTAL  POVEB  RADIOUETBR 

Tka  paraaatart  of  tka  radioaatar  are  a8':follow8: 

i.  Aataaaa  ; 

A.  Caaaagrain  antenna  (a)  3db  beaawldth  -  t.S*  (b)  Gain  >  20db 
(o)  firat  tide-lobe  Larel  *'  -ltdb 

B.  Bora  aatanaa  (a)  3db  baaawidtk  ■  5*  (b)  Gaia  >  30db  (a)  Side- lobe 

it  aot  alear 

3.  Raealrar; 

Ita  noiaa  figure  la  about  lOdb,  IF  bandwidth  ii  IGHZ ^  t . TOnx  and  Its 
SaaaitlTity  it  lata  than  3*  k  (integration  t lae  equals  one  aeeord> 


Sit 


Tkft  radioBBtar  block  diagiEB  ia  akovat  in  Fig'  1 
Var  labia  Attaaaator 


Fig.  t  Radloaetef  block  dlagrao 

The  operation  of  the  total  power  radioBeter  is  effected  b;  the  gain 
f  1 110  t  ua  t  i  on  a  of  IF  amplifier,  the  receirer  rariation  of  temperature  and 
the  enr 1 r onmen t a  1  interference,  ao  the  output  of  low-frequency  amplifer 
drlfta  alwaya  and  dlaappeara  unregular  f  1  ue tuat  1  one.  Up  till  now,  the 
Imm  microware  awiteh  for  developing  Dickc  radiometer  ia  unavailable  at 
home,  the  only  poaalble  aolution  is  to  uae  total  power  radiometer.  In 
this  eaae,  the  frequent  calibration  approach  muat  be  uaed  and  the  envi¬ 
ronmental  interference  must  be  avoided  ao  that  the  unregular  fluctua¬ 
tions  of  radiometer  output  did  not  effected  the  measurement. 

After  observing  for  a  long  time,  we  found  that  the  s  1  ope- var  1  a t  i  on  of 
the  radiometer  calibration  curve  is  not  clear  when  there  is  no  environ¬ 
mental  interference,  but  the  curve  in  ter  cep t> var  i  at i on  is  large  bacauae 
of  the  drift.  During  the  period  of  measurements,  before  each  sample, 
the  radiometer  antenna  is  Illuminated  with  a  matched  local,  whose  tem¬ 
perature  may  be  held  at  a  constant  known  value,  to  get  the  intercept  of 
the  calibration  curve,  then  we  can  calculate  the  antenna  temperature 
according  to  this  intercept  and  the  calibration  slope  which  has  been 
got.  This  one  point  calibration  method  is  useful  to  radiometer  which 
needs  frequent  calibration. 

31IM  SKY  RADIOMETRIC  TEMPERATURE  MEASUREMENT  AND  CALCULATION 

Radiation  brightness  temperature  of  metal  object  is  an  Important  sub¬ 
ject  which  needs  to  he  aolred  in  many  fields,  especially  the  guidance 
technique,  and  the  sky  radiometric  temperature  is  the  base  to  study  me¬ 
tal  radiometric  brightness  temperatur e.  So  it  is  very  significant  to 
measure  and  calculate  3fflffi  sky  radiometric  brightness  temperature. 

The  sky  radiometric  temperature  or  apparent  temperature  usually 

consists  •  f 


Tjkx  -Tpm  (  «  )  ♦TgxTAL  (1) 

Textal  "Tcos 


520 


where  "Ce  1*  the  total  lenith  atnoepherie  opacity,  and  teas  ■Bd  are 

the  eoafflio  and  galaetio  brlghtseai  temper atare,  r eepee 1 1  re  1 y,  whose  snm 
we  call  the  extraterrestrial  brightaesB  temperatare  T  gjcTAU  .  in¬ 

dependent  of  frequency  and  the  senith  angle  6,  which  has  the  constant 
ralne  Teos  “2.7k.  T44L  i*  dependent  of  6  and  frequency.  Bowerer, 
may  be  neglected  at  Smm  ware  band.  Thus,  'I^Tiwl  ^  .  where  Tp^  1  ^  )  is  the 

apparent  temperatnre  representing  the  downwelling  atmosphere  radia¬ 
tion.  Under  clear  sky  condition,  the  earth's  atmosphere  consists  of 
rariotts  gas  molecules,  where  absorptions  of  oxygen  and  water  rapor  play 
an  important  role.  Since  the  atmospheric  thermodynamic  pressure,  tem¬ 
peratnre,  density  and  water-rapor  density  are  a  function  of  altitude, 
the  absorption  coefficients  of  atmosphere  are  dependent  of  height.  To 
simplify,  we  assume  that  the  atmosphere  ia  stratified  hor i s on t a  1 1 y ,  sh¬ 
own  in  Fig.  2,  which  means  the  temperature  and  absorption  coeffielents 
are  function  of  height  only.  The  energy  emitted  at  6  direction  by  a 
stratum  at  height  z  and  of  Tortical  thickness  dzithiekneas  see  6  dz  at  ^ 
direction,  temperature  T  (e)  ,  absorption  coefficient  k(x))  is  k(z)T(z) 

sec d  dz,  which,  after  propagation  down  to  the  surface  z-O,  ia  reduced 
to  k(z)T(z)Beeddz  exp(-J^^k(z)dz  sec  8).  The  sum  of  contributions  of 
downwe 1 1 1 n g- em i t t ed  atmospheric  radiation  from  strata  above  terrain 
surface  forms  the  measured  sky  apparent  temperature  T 


Fig.  2  A  p 1 ane- s t ra t i f 1 ed  atmosphere  radiation  model 


It  is  very  difficult  to  calculate  sky  radiometric  temperature  using  (3) 
dlrectiyt  Hot  only  the  calculation  method  is  complicated,  but  also  the 
expressions  or  graphic  charts  of  klz)  and  T  (z)  must  be  got  by  radio- 
aoode  or  other  h i gh- a  1 1 i tude  detectors.  One  of  the  approximate  methods 
used  to  calculate  la: 


a«  »  e  X  p  I  -  fT,  k  ( z )  d  z  J 
Th-T,  -5.3  * 

koj  “hOi  (0)  exp  (-0. 183  z) 

^WAriH  (0>  exp  (-0.5i) 

,  ,  dV/c 

ko^(O)  -0.34  <T*/c'’  )  [ -  r 

^y/c _  ^  ^y/c _ 

( 24  y/c}^  +  (  ^v/cy  ^  (  y/cy  4  (Av/cy 

P  P«  exp  (-64i/T)  (1-0.014  P„  T/p)  -{  1  /  (  (v- 


(4) 

(6) 

(8) 

(7) 

(8) 


(9) 
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(10) 

(11) 


22.234)*  )  +I  /  [  (t  +  22.234)*  +  ]  0.  01 107  Pm 

iiT=2.58X  lO"'*  pdfO.Oll?  P„  T/p)  (T/318)'*"^ 

.^ceordl&g^  to  (9),  (10)  ond  (11),  no  ean  got  ko,  (0)  and  kt^irM  (0)  aobs- 
tituting  surface  pressure  p,  rapor  density  Pm  >  temperature  T,  frequency 
y  and  light  reloeity  c.  Substituting  (7).,  (8)  Into  (6),  performing  the 

integration,  yields  a^ .  Substituting  surface  thermodynamic  temperature 
Tp  into  (6)  yields  Tm-  Then  substituting  Tm,  a«lnto  (4)  yields  sky  ra¬ 
diometric  temperature  TjKy  . 

The  measurement  and  calculation  results  are  shown  in  Fig.  3,  there  are 
basically  the  same. 
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Fig.  8  ami  sky  radiometric  temperature 
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MONTE  CASLO  SOLUTION  OF  EAIN  ATTENUATION 
FOE  MILLIMETEE  WAVE 


Wtt  Zhemen,  YuYi  and  Chca  Liliong 

(DepartmeatofPliyaiet,  Xidian  Uairenity,  Xi'an,  Sbaanxi^Chiaa) 


ABSTEACT 

In  this  ptper  the  weighted  average  of  the  acatteriag  erou  aeetion  it  used  to  obtain  the  tntegraJ 
reanhant  of  the  trana&r  equation  for  the  plane  wave  acattering  in  tmndom  medinm  with  particle  abte 
(Satxibotion.  The  Monte  Carlo  aimnlation  tedmiqeo  k  done  for  the  tain  atteneation  at  MiEimelBr 
wave  range.  The  nomexical  aimaJatioa  ia  in  good  agreement  with  experimeataJ  data  and  the  mnlttpie 
mattering  eSbcta  moat  be  incloded. 

INTEODUCnON 


At  millimeter-wave  range  the  moltipie  scattering  of  raindrops  is  becoming  more  and  more  effective 
with  the  increasing  fceqoency.  The  radiative  transfer  theory  is  the  major  methods  for  sohriag 
integro-difEerentia]  equations  with  the  Monte  Cario  simulatjon  technique,  ia  which  the  mnltiplo 
scattering  process  is  treated  as  Markov  chains  of  coOtsions  between  photons  and  discrete  scatterers 
in  random  medium.  There  is  a  certain  probability  of  a  photon  being  scattered  or  absorbed  at  eadh 
event  and  photon  histories  are  traced  ontil  photon  escapes  from  the  boondaiies  of  random  medJani 
or  absorption  occers.  A  large  of  photon  histories  are  repeated  to  obtain  acceptable  enaemble  aver¬ 
ages  for  the  scattering  power. 

As  any  polarization  is  neglected,  the  raindrops  can  be  simplified  into  eqnivolnmie  spherica]  partiefes 
with  some  size  distribation.  With  Monte  Carlo  method  the  tain  attenuation  is  made  at  miHiBettt- 
wave  range  for  the  Matshall-Palme,  RRL’  and  Weiboll’  raindrop  distribation.  The  results  of  an- 
merical  simalatioa  are  compared  with  the  experimental  data  given  by  the  Uterature^.  It  is  shown  tikat 
die  multiple  scattering  effect  is  expected  to  be  significant.  As  multiple  scattering  is  considered,  the 
theoretkal  values  of  rain  attennatioa  are  agreemeut  with  the  measured  data.  However,  the 
attenuation  values  for  signal  scattering  are  bigger. 

MONTE  CARLO  TRANSFER  TECHNIQUE 


Let  ns  consider  a  plane-parallel  medium  of  thickaess  h  ooatainiag  randomly  dlsttibuted  spherical 
particles.  A  plane  unpolarized  wave  is  incident  vertically  ia  z  direction.  Suppose  the  intensity  of  inct- 
dent  wave  is  normalized  and  the  effect  of  boundary  reflection  is  neglected.  The  reduced  intensity 
m)  and  the  diffose  intensity  lAz,  m)  satisfy,  respectively^ 

dlAz.  n) 

- 0) 

It  —  +p<c^>  l^(z,  m)  -  [  f  *  N(a)<r^(a)«0»,  «)da]  (2) 

where  Ht,  ^  is  the  total  intaasity.  is  the  extiaetioa  erosa  sectiott  of  the 
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oarticle  witli  um  pmnuneter  a  snd  M'i  *)  m  tit  pbtm  Ituutiot,  wludi  an  foaad  by  tin  ap- 
Dlying  Mk  acatteaag  theoty.  p  •*  ooad.  6  U  tke  aagk  betweea  tke  aeattermc  dtcectioa  and  x  axis, 
Y(a)da  is  tbe  nomber  of  pardeles  per  unit  voiame  in  range  Ja  and  p  is  tbn  munerica]  denaity. 
<  ff  ^  >  is  tbe  mean  extinction  cross  section. 

Considering  raindrop  size  distribntion,  tbe  weighted  average  of  tbe  scattering  cross  section  is  used  to 
tbe  equation  (2) ,  so  that  tbe  avenge  of  phase  fnnction  is  written  as 

n'l  aW« 

<  5  Ot,  ii';  «)>  - - - -  (3) 

N(a)t^(a)Ja 

Cet  opticaJ  distance  t  » j '/;<»,  ><iz.  <  ar^  >  dt.Thea  total  specific  intensity  is  given  by 

/(T.  i*)-|j;*cxp(-(T- tO/nJ  M')>I«  mVp'I  JT'/jul  +  fJr.  m)  (*) 

where 

T-{S  ,  /.(t,  M)-«P(-T)«0»-t)«(p)  (5) 

0  n<Q 

uid  7^(0,  A»>-0  (M<0). 

NUMERICAL  SIMULATION 

On  tbe  basis  of  tbe  above  discnssion,  we  deal  with  the  mnhipiB  scattering  of  raindrops  for  millimeeer 
wave  by  tbe  Monte  Carlo  metbodJn  its  simplest  digital  form,  a  Monte  Carlo  model  is  a  pnrriy 
nocbastic  construction  of  an  ensemble  of  photon  trajectories  through  tbe  random  medium.  Tbe 
length  and  direction  of  each  tnjeetory  segment  ate  governed  by  probability  density  functions  de- 
dved  from  the  basic  scattering  and  absorption  properties  of  the  medium*. 

Due  to  multiple  scattering,  the  rain  attenuation  it  estimnted  by  Monte  Carlo  method.  Suppose  the 
incident  wave  beam  is  considered  as  a  flux  of  photomi,  which  contains  N  photons.  Let  5  •» 
(t,  K<  P)  be  phase  space  point,  then  the  equation  (4)  can  terewtitten-as  in  the  general  fom^ 

I(S)  -  7^  +  j7(S')gr{s'  -  S)dS'  (€) 

Comparing  with  the  equation  (5),  the  norm  of  the  kernel  fbnction  in  equation  (6)  LE|  <  I ,  then  (6) 
can  be  expanded  as  the  Neumann  series. 

f(5)-  I/,(5)  (7) 

where 

It  is  easy  to  show  that  convergence  of  the  Neumann  series  and  existance  of  a  solution  are  assured 
and  that  the  intergraJ  operator  /4r(Sj_,  is  corresponding  to  a  transfer  process  of  photon 

m  a  medium.  A  wave  propagation  can  be  regarded  as  a  Markov  chain  of  photon  collision  and  scat- 
tetiag  in  the  medium.  So  that  the  intensity  7  is  corresponding  to  the  trunsmitted  probability  P  ^  or 
the  reflective  probability  P  ^ .  The  mean  transmission  T  and  the  mean  reflection  R  are, 
respectively 

w  rr 

R^Y.PyN  (8) 

According  to  Mie  theory,  the  extinction  and  scattering  cross  sections  and  the  phase  function  are  cal¬ 
culated  for  a  variety  of  spherical  raindrops  and  their  mean  vaJnes  are  obtained.  With  the  statistic  es- 
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timstioa  tad  lefleettsoe  for  ]i«  1  km  st  fitequeneiea  of  30.0, 33.3,  34 40.0,  50.0, 60.0,  tl.8, 100.0, 
140.0, 24S.S,  300.0  GHz. 

la  order  to  a  comporiMii,  we  also  find  oat  the  rain  attennation  voloe  according  to  the  single 
scattering  fotmala^ 

A(db  /km)^’  43432*  /  Rcf5(0)>jV(D>d(2>)  (9) 

where  2  is  incident  wavelength  (onit  is  meter),  5(0)  is  the  forward  scattering  fanction  of  the  spher¬ 
ical  particle  derived  by  Mie  theory,  and  N(D)  is  the  raindrop  size  distribotion.  The  formula  (9), 
which  is  eqaivalent  to  the  eqoatioa  (1),  corresponds  with  single  scattering. 

Lot  namezical  calcolation  MP  and  RRL  size  distribations  are  used.  RRL  model  is  derived  by  the  Ra¬ 
dio  Research  Laboratory  of  Japan  from  rain  attennation  statistics  at  ll.S,  34.5  and  81.8  GHz  for 
three  years  by  the  use  of  an  inversion  method. 

RESULTS  AND  DISCUSSIONS 


As  seen  in  Fig,],  the  moltiple  scattering  and  single  scattering  resnJts  are  estimated  by  Monte  Carlo 
method  for  MP  size  distribation,  which  are  in  good  agreement  with  those  by  Dutton  and  Samora 
according  to  eqnatioa  (9).  However,  the  rain  attenuations  for  single  scattering  are  larger.  Fig.  2 
shows  the  reflectance  for  A -■  1  itm  at  same  wavelength  as  in  Fig.  1.  The  rain  bockscattering 
attenuations  are  useful  for  radar  system. 

In  Fig.  3  the  results  of  numerical  simulation  ate  compared  with  the  experimenta]  data  given  by  RRL 
and  with  CCIR  model^of  rain  attenuation.  It  is  shown  that  the  multiple  scattering  efteet  is  expected 
to  be  significant.  As  multiple  scattering  is  considered,  good  agreement  is  found  between  the  meas¬ 
ured  data  and  RRL  model  calculations.  There  are  similar  results  for  MP  size  distribation.  The 
CCIR  curtentily  adopts  the  relationship  between  the  specific  attenuation  and  the  rain  rate,  which  is 
obtained  on  the  basis  of  the  Laws  and  Parsons  raindrop  size  distribotion.  The  CCER  model  calcula- 
tions  underestimate  the  measured  data  and  our  numerical  results.  It  is  found  that  for  the  same  tain 
rate  the  higher  the  frequency,  the  bigger  is  the  difference  between  the  single  scattering  and  multiple 
scattering,  and  that  for  the  same  fcequency  the  higher  the  rain  rate,  the  bigger  is  the  difference,  too. 


Fig.l  The  rain  attenuation  at  (1)  30.0, 
(2)  34.8,  (3)  40,0,  and  (4)  50.0GHz 
with  the  MP  distribation.  The  single 

scattering  ( - ).  the  multiple  scat 

taring  ( - ),  Dutton  and  Samota's 

data  ( •  •  •  )‘. 


Fig.2  The  reflectance  for  h^-lkm  at 
some  wavelength  os  in  Fig.  1 . 
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CONCLUSION 


Multiple  scattering  e£fiect  due  to  precipitate  is  often  mentioned  as  a  factor  in  the  design  and  per¬ 
formance  of  a  communications  line  particularly  at  higher  radio  ftequencies.  In  order  to  estimate 
the  magnitude  of  these  effects,  we  have  used  the  Monte  Carlo  method  to  study  rain  attenuation 
rather  than  the  first  order  solution  for  miiimeter  wave  range.  It  is  shown  that  the  multiple  scat¬ 
tering  effects  are  significant. 


Mdb) 


j  10  tos 


(i)  M  (mm/k) 


Fig.3  The  rain  attenuation  at  (a)  50.4,  (b)  81,8,  (c)  140.7,  and  (d)  245.5  GHz.  The 
measured  data  (...),  the  single  scattering  (+  +  +),  RRL  model  (  ),  and  the  CCIR 

model  ( - ). 
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CONTEISIQN  OF  lO-MDKTrE  RAINFALL  BATE  TO  EQDIVALBir 

Ioanns  talde  at  sds  locations  of  china 


Qitt  Sli0ng  Bo  Lin  Bin  fan 

(Ckint  Bosotieli  lattitot*  of  BtdtoMTO  Propagatioa) 


ABSTRACT 

To  Boot  the  reqoireooat  of  radio  CoBrnnaicatioa  system  design  at  aieroware  and 
Biliiootre  bands,  eonmsion  froo  10-minnte  rainfall  rate  to  its  eqairalont  l-Biaato 
nine  is  set  np  on  the  basis  of  data  from  throe  locations;  Gnangshon,  Nanjing  and 
Zinxiang  in  P.B.  China.  The  confers  ion  coefficients  are  giren  by  Nethod  of  Least 
Square  OUSlvith  eonrertlng  error  less  than  8%  for  the  tioe  percentage  range  froo 
0. 001%  to  1%. 


DinODDCTIQN 

Aloost  all  of  the  rain  attennation  prediction  methods  arailable  at  present,  require 
1-fflinnte  rainfall  rate  data  for  certain  time  percentage  (sneh  as  0.  OlD  at  the  plaee 
concerned  for  calenlation.  Bowerer,  most  inrestigators  in  the  vorld  are  still  using 
tipping-buehet  rain  gauges  or  siphon  rainfall  recorders  with  integration  time  of 
Bore  than  tea  Binutes,  with  the  exception  of  ones  in  Europe,  Canada,  Japan  and  China 
in  which  fast-response  minute  rain  gauges  are  used.  Because  the  long  integration  time 
may  cause  a  large  error  to  some  thunderstorm  rain  measurment,  it  can  not  SMot  the 
requirement  of  radio  communication  system  design.  Radio  engineers  in  erery  country 
are  trying  to  eonrert  IQ-minute  rainfall  rate  data  to  its  equifalent  l-sinute  fulues. 
For  the  same  purpose,  we  do  the  measurements  in  Guangzhon,  Nanjing  and  Zinxiang, 
respectirely,  with  JDSD-1  light-emitting  raindrop  minute  rain  gauge.  The  eoofersion 
methods  of  the  two  kinds  of  rainfall  rate  are  presented  on  the  basis  of  the  data 
Beasured  in  this  paper. 

DESCEIPTI(»i  OF  THE  MEASUBBlENr 

JlfiO-1  light-mitting  raindrop  minute  rain  gauge  is  made  up  of  fire  parts:  a  sensor, 
a  unit  for  data  collecting,  a  unit  for  processing,  a  printer  and  a  power.  The  first 
two  parts  are  fixed  in  the  open  air, while  the  last  three  parts  are  in  room.  Between 
the  first  two  parts  and  the  room  there  is  a  100-metre  cable.  There  are  three  such 
instruments  set  up  at  312  station  for  ionosphere  obserration  in  Guangzhou,  the 
Atmosphere  Seience  Department  Experiment  Site  of  Nanjing  Unirersity  in  Nanjing  and 
China  Research  Institute  Of  Radioware  Propagation  in  Zinxiang,  respectirely,  where 
three  typical  climates  in  China  are  represented. 

Guangzhou  is  near  the  Tropic  of  Cancer,  in  the  area  of  subtropical  monsoon  wind 
climatic  zone  with  annual  mean  temperature  of  21.  and  the  annual  total  rain 
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aiooimt  of  1622.  Sun.  While  the  atxiuun  rain  in  a  daj  can  aooiuit  to  263.  Sibd  and  there 
are  6.  3  days^  with  rain  aaonat  of  more  than  6()bib  annnally. 

Nanjing  is  between  the  warm  and  snbtropteal  elimate  loaea  where  the  annaal  man 
temperature  is  15.  4t:.  The  total  annual  rain  amount  ie  1013.  tim  the  maximuo  one  in  a 

day  amounts  to  180.  Sam  and  there  are  3.  3  days*  with  rain  amount  of  more  than  SOmm 

annually. 

Xinxiang  lies  in  warm  continental  monsoon  climatic  zone  with  annual  mean  temperature 
and  the  total  annual  rain  amount  14.  0‘Caod  628.  Smm,  reapeetirely.  Eain  amount  in  a 

day  can  be  more  than  60mm  in  2. 1  days’*  annually. 

Early  in  July  1983,  We  began  to  work  in  Xinxiang,  then  in  Nanjing  and  Guangzhou  in 
July  1989.  The  conrersion  presented  comes  from  what  we  hare  achiered  at  the 
locations  mentioned  abore  in  two  years. 

TBE  CONVEESION  FOBUULAE 

For  the  purpose  of  eouTerting  data  obtained  with  a  gauge  haring  an  integration  tim 
of  T  minutes  to  equiralent  l-minute  statistics  one  can  define  a  conrersion  factor* 

P  X  (P)  =  (P)  /E  .  m  (1) 

where  El  and  Ex  are  the  rainfall  rates  exceeded  with  equal  probability,  P,  for  the 
two  integration  times. 

Data  from  46  locations  in  Canada  hare  been  analyzed  for t =6  and  10  min.  Besuits  were 
first  grouped  according  to  the  rainfall  rate  climatic  zones  and  were  then  further 
merged  into  three  distinct  regions. 

After  further  research,  the  power- law  relations  of  the  form: 

P  X  (P>  -  a  •  P"  (2) 

were  fitted  orer  the  range  0.  001%<P<0.  03%,  where  a  and  b  can  be  calculated  with 
the  method  of  least  square.  Table  1  presents  the  results  of  analysis  performed  in 
this  manner  for  x  =6  and  10  min  in  Canada  andx=i0  min  in  Europe. 


Table  i  Regression  coefficients  for  rainfall  rate  correction  factor 


Region 

1=6  mia 

X  = 

10  min 

a 

b 

a 

b 

Canada  (zones  A.  B) 

0.  896 

-^3.61*i0-“ 

0.  796 

-7.46*10'* 

Canada  (zones  C,  D,  E) 

0.  882 

-4.  67*10- 

0.  836 

-7.  36*10- 

Canada  (zones  E,  K) 
Europe 

0.  862 

-6.  64*10- 

0. 847 

0.  860 

-8.  20*10- 
-7.  30*10- 

On  the  basis  of  these  measured  data,  the  following  major  conrersion  methods  are 
proposed: 

First,  the  relation  between  10-minute  and  l-minnte  rainfall  rate  may  be  expressed 
by  the  equation: 


Hx(P)  *  f  P‘- Eto(P)  «) 

then  P  (P)  •  Rx(P)  /Rio(P)  »  P”  (4) 

mkttt  Ri(p)  is  the  rtieftil  rite  exceeded  with  probibilitj,  P,  for  l-niaite 
iategratiott  tiaw,  while  Rio(P)  is  for  lO-niaate  iategratioa  tiM,  with  the  stM  P. 
Farthenwrei  Rt  (P)  aad  Rio(P)  nay  be  expressed  directly  by  the  egaatioa; 

R»(P)»a'  .RJ'  (P)  (6) 

ahere  Ri(P)  aad  Rio(P)  are  the  sane  as  what  hare  beea  aoted  abore. Their  eoeffieieats 
s'  aad  b'  any  be  got  fron  the  real  ralaes  of  Rt  (P)  aad  RiolP)  by  r egress ioa.  Table  2 
preseats  the  resaits  of  aaalysis  perforawd  ia  this  ittaaer  ia  Gaaagshoa,  Naajiag  aad 
Xiaxiaag. 


Table  2  iUtgreasioa  eoeffieieats  for  raiafail  rate  eerreetioa 
factor,  T  ‘lOnta 


Region 

a 

b 

# 

a 

b' 

RlaWl  .  ImWlO 

Gaaagshoa 

1.0496 

-6. 87«10-* 

■■ 

1. 1147 

1 

Nanj tag 

1. 1006 

-3.62M0'* 

1. 0092 

1 

Xiaxiaag 

1.  0307 

-3.  64*10'* 

mm 

QFfQII 

1.0608 

1 

The  etaparatire  earres  betweea  the  two  dlff erect  raiafail  rate  are  preseated  la  Fig. 
1,  Fig.  2  aad  Fig.  3  .  where  the  dash  aad  dot  liaes  preseat  the  real-masared 
ralaes  of  lO’Siioate  raiafail  rate,  the  dashed  liaes  preseat  the  real-masared  ralaes 
of  i-niaate  raiafail  rate  aad  the  real  liaes  present  the  coarerted  ralaes  by  fonrnia 
(3)  aad(6)  with  parsawters  in  Table  2.  Fron  all  these  Fignes  aad  Tables,  we  can  see 
that  the  coarerted  ralaes  aad  the  ateasared  ralnes  are  fitted  rery  well  with  relatire 
errors  of  less  than  8%  for  time  percentages  frxi  0.001%  to  1%. 

CONCLDSKXi 

By  mans  of  the  two  oethods  described  abore  we  can  fit  the  conrerted  ralaes  of 
I’fiinate  raiafail  rate  with  the  masared  ralaes  rery  well  with  the  relatire  errors 
of  less  than  8%  for  time  percentages  between  ^.001%  and  1%.  As  the  lO-ninate 
rainfall  rate  can  be  arailabie  froo  the  aeteoroiogical  inforaation  pressed  by 
national  and  local  aeteoroiogical  serrice,  the  aethods  presented  are  of  ralue  not 
only  for  radio  systea  designers  bat  also  for  inrestigators  in  aeteoroiogical 
stations,  they  can  obtain  the  data  about  l-ainute  rainfall  rate  for  little  expense. 
Howerer,  becaase  of  the  large  area,  the  complex  land  shape  and  rarious  climates  of 
China,  rarions  coarersion  foraulae  should  be  made. So  it  is  not  enough  to  get  data 
only  at  three  stations  abore, more  and  more  stations  need  to  be  set  up. 
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EACKSCATTERING  CROSS-SECTION  OF  SAND  AND  SNOW  SURFACES 
ON  SHORT  MILLIMETER  WAVES 

G. A. Andreyev,  and  G. I- Khokhlov 
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In 


this  paper 


the 


resul ts 

of 

measurements 

of 

■  sand 

and 

snow 

surfaces 

for 

).. .50* 

by 

10^ 

steps 

are 

incidence  angles  of  0  (nadir J... SO 
represented.  The  experiments  were  made  during  the  period  of 
1983-1984  on  the  135  Ghz  (2.2  mm  at  wavelength)  for  circular 
polarization .  In  earlier  papers  measurements  of  radar 

backseat  ter ing  from  snow  covers  were  reported  for  linear 
polarization  at  incidence  angles  of  and  45*.  Measurements  of 
the  backscattering  cross-section  of  sand  surfaces  are  not  known 
for  us. 

Approximate  mathematical  description  of  millimeter  waves  (MMW) 
scattering  by  terrestrial  covers  with  chaotic  rough  surfaces  depends  on 

root-mean-square  (r.m.s.)  angle  of  inclimation  of  roughness  >  and 

Rayleigh  parameter  p  =  2kc'pCOSt'  ,  where  k  =  2n/\  is  the  wavenumber 

2  ^ 

of  incident  wave,  is  the  variance  of  roughness  heights,  6  is  the 

angle  of  incidence  (@  =  0*  -  nadir).  Ks  shown  in  [1,2],  for  surfaces 
with  normal  distribution  of  rough. .ass  it's  convenient  to  divide  an 
interval  of  angles  from  0*  to  90*  in  three  regions: 


l/2kc'^<  3  <n/2;  2.8V<}-^>  <  B  <l/2kc3’^;  and  B  <  2.8/<r^> 


In  each  of  these  intervals  scattering  of  MMW  is  described  by 
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corresponding  approximate  expressions  for  backscattering  cross-section- 

For  large-scale  (p  »  1)  and  smooth  (V<}'^>  <  1)  roughness  of  surface, 
at  angles  of  incidence  less  than  half-width  of  differential  scattering 

section  6B  =  2.8V<^^>  the  method  of  tangent  plane  (MTP)  is  used 

[1,2].  The  r.m.s.  heights  of  roughness  of  sand  and  snow  surfaces  were 
valued  by  measurements  of  multipath  interference  between  direct  and 
sand-  or  snow-reflected  rays  in  natural  conditions  [23.  They  are  equal 

to  c,,  =  2- 10  m  and  ^  =  2.5  10  m  for  sand  and  snow  surfaces, 

respectively.  The  Rayleigh  parameter  is  p  =  Zko'^cosd  »  1  for  6  <  80^^. 
For  approach  MTP  backscattering  cross-section  may  be  expressed  as  [13: 


Cf 


* 


jv(e=o) 

Z  4 

<y  >cos  6 


tg^e 

exp( - ) 

2<r^> 


( 1) 


where  |V(0=O)j  is  absolute  value  of  Fresnel  reflection  coefficient. 
As  follows  from  (1),  one  of  independent  parameters  in  backscattering 
cross-section  expression  is  the  variance  of  angles  of  roughness 

inclination  .  It  was  used  for  estimation  of  value  by 

experimental  dependences  of  =  a^(d)  .  Y 

The  backscattering  cross-section  measurements  of  sand  and  snow 
surfaces  were  conducted  in  natural  conditions  with  the  usage  of  radar 
operating  at  135  GHz  with  circular  polarization  and  energetic  potential 
of  140  dB  for  incidence  angles  from  O’’  to  50'  in  10’  steps.  The 
calibration  of  measuring  apparatus  complex  was  made  by  means  of 
comparison  of  signals  from  corner  reflector  with  scattering  signals 
from  surfaces.  The  change  of  incideace  angles  of  antenna  beam  was 
realised  by  change  of  position  of  metallic  plane.  For  determination  of 
/  2 

'/<}'  >  value  the  measuring  backscattering  cross-section  of  sand 
surfaces  were  presented  in  form  of  straight-line  diagram,  in  accordance 
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with  the  dependence  of  (1),  standartized  by  -^(0)  =  jV{c?=0)!  / 

/  •> 

It  was  got  VC;.-'’)  =  0.21  by  the  method  of  least  squares.  Figures 
1  and  2  represent  the  results  of  mean  backscattering  cross-section  for 
sand  surfaces  and  snow  covers,  respectively.  The  solid  line  in  Fig. 1  is 
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Fig.  2 

the  dependence  of  conforming  to  (1)  for  ■/<?-'  >  =  0.21,  and 
|V(f=0) i  =  0.15.  As  follows  from  Fig.l,  the  experimental  data  confirm 
the  dependence  7^(6),  derived  by  MTP  approxima*  ion ,  up  to  incidence 
angles  of  3  =  30'.  This  corresponds  to  halj.  width  of  differentia! 


scattering  section  at  V<y 


=  n 
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EXPERIMENTAL  INVESTIGATION  OF  THE  CLOUD  ATTENUATION 


Li  Ian 

(China  Research  Institute  of  Radiowave  Propagation) 

INTRODUCTION 

Absorption  and  Scattering  effects  due  to  particles  of  cloud  and  fog 
are  one  of  the  innegligible  factors  to  affect  the  performance  of 
mi  1 1 imeterwave  and  submillimeter  wave  system.  It  is  much  stonger  than 
that  in  clear  sky  conditions  in  addition  to  strong  absorption  band  of 
several  main  gases  in  atmosphere.  An  average  of  60%  earth  surface  is 
covered  by  clouds.  Heavy  cloud  and  congested  fog  restrict  not  only 
the  application  of  light  wave,  infared  and  submillimeter  wave,  but  also 
restrict  the  application  of  millimeter  and  centimeter  wave.  Estmation 
of  cloud  attenuation  characteristic  is  very  difficult,  because 
uncertainty  of  cloud  water  content  and  cloud  extent  limit  the  accuracy 
to  which  the  attenuation  can  be  calculated  from  models.  However,  the 
experimental  investigation  of  cloud  attenuation  is  few.  Exploration  of 
cloud  attenuation  was  made  in  1984.  Meapurements  of  the  cloud 
attenuation  were  made  by  using  sun-  radio  method  and  atmospheric 
radiation  method  on  1986  and  1990. 

MEASURING  PRINCIPLE  AND  METHOD 

Cloud,  which  has  many  kinds,  consists  of  a  too  much  various  water  drip 
and  ice  crystal  whose  diameter  is  between  1  to  lOOnm.  Absorption, 
radiation  and  scattering  of  cloud  to  electromagnetic  wave  are  sum  of 
contribution  by  water  drips  and  ice  crystals. At  millimeter  wave  band, 
the  scattering  effect  can  be  neglected.  Light  temperature  of 
observation  by  ground  microwave  radiometer  is 

Te=  Te  exp  I-  [  °^8ecZ_  a  (h)  dh]  + 

j  (h)  secZ  a  (h)  exp  [  -  j’ 5  secZ  a  (h'  )  dh'  Jdh  (1) 
where  a  (h)  =  aer(h)  +  a  c  fh) 

In  the  right  of  formula  {  1)  ,  the  first  term  is  the  radiation 

temperature  of  radio  source  which  has  been  attenuated  through 

atmosphere  and  cloud.  is  the  radio-source  br ight- temperature.  The 

second  term  is  the  radiative  temperature  of  atmosphere  and  cloud.  If 
the  measuring  direction  avoids  the  strong  radio-source  i.  e  the  sun  and 

the  moon,  the  measuring  result  includes  only  the  sum  of  radiation 
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temperature  of  atmosphere,  cloud  and  universe  source.  The  radiation 
of  universe  source  is  very  weak,  and  the  higher  the  frequency  is,  the 
weaker  the  radiation  is.  It  is  about  2.8"  k*  when  frequency  is  higher 
than  iQIz.  The  noise  temperature  of  universe  source  is  less  than  5  95; 
of  che  atmosphere  radiation  temperture.  fiver  looking  universe-  source 
adiation,  and  using  the  intergvai  intermediate- value  theorem,  we  can 
get; 

Te  =  Tm[l-exp(- T)}  (2) 

where  T  =  are  attenuations  by  atmosphere 

and  cloud,  respectively.  Tm  is  average  of  atmosphere  radiation 
temperature. 

When  we  take  account  of  the  effect  of  ground  radiation  to  get  into 
antenna  side- lobe,  using  the  narrow  beam  antenna,  apparent  antenna 
temperature  is 


Ta  =  [  1  -  exp  (-  X  )  JT„,  +  T^  (3) 

The  noise  temperature  of  radiometer  output  may  be  written  as; 

T-  =  [1  -  expf-t)J  T™  t  -  (1  -  i/L)To  (4) 

where.  L  and  To  are  the  loss  factor  and  physical  temperature  of 
transmission  line  from  antenna  output  to  radiometer-  receiver  input, 
respectively.  When  main  beam  of  the  antenna  point  at  clear  sky  at  the 
same  elevation,  the  measuring  radiation  temperature  is 

Te'  =  [1  -  exp^-x^)  T„'  -(1  -  l/L)To  (6) 


According  to  (4)  and  (5).  the  cioud  attenuation  can  be  expressed  as: 


T 


exp  -  (6) 


Tb  and  Tb  '  are  measuring  value,  Tx„  and  T  «  are  calculated  from 
radiosonde  data.  T-,  and  T  can  be  define  by  more  accurate 
calibration  technique. 

It  is  an  effective  method  to  measure  atmosphere  absorption  using  the 
sun  as  a  source,  iame  wa"  is  took  in  tne  experiment  of  cloud 
attenuation.  When  cloua  attenuation  is  measured  by  dua 1 - f requency 
(9.57SGHZ  and  22.  236GHZ)  radio  telescope  the  antenna  is  pointed  at  the 
sun  orbit.  A  measuring  curve  may  be  obtain  as  the  sun  passes  the  main 
beam  of  the  antenna,  then  we  carry  out  regression  analysis  to  the 
logrithm  of  the  difference  between  the  maximum  and  miaimum  of  the 
curve  with  the  seconfc  of  the  zenith  angle-  so  the  slope  of  the 
regression  line  is  the  sum  of  the  atmosphere  and  oioua  attenuation  in 
the  zenith  direction”. 


I7> 


Inil  ”  inA  -  t  osecZ 
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The  advantage  of  sun-radio  method  is  that  the  effect  of  side- lobe  can 
be  fully  removed  and  measuring  accuracy  can  be  improved,  but 
horizontally  stratified  atmosphere  is  supposed.  Atmosphere  radiation 
method  can  be  measured  various  kinds  of  cloud  attenuation,  but  its 
calibration  technique  and  data  disposal  are  more  complex. 

MEASURING  RESULT  AND  ANALYSIS 

Cioud  attenuation  is  measured  by  using  sun-radio  method  at  3.  2cm  and 
I,  35cm  during  spring  and  summer  in  1984  and  summer  in  1990.  (  See 
table  1)  Average  value  of  cioud  attenuation  is  0.  454dB  at  22.  235aHz. 
typical  measuring  curve  is  shown  in  Fig.  1.  In  Fig.  2  ,  zenith 
attenuations  for  cloud  and  clear  sky  conditions  are  plotted  as  a 
function  of  surface  absolute  humidity  for  freqency  of  9.  375GHz. 
Measuring  results  show  that  atmosphere  for  uniform  cloud  conditions 
yet  is  seen  as  horizontally  strut  if ied  medium.  So  measuring  results  are 
reasonable,  attenuation  is  proportional  to  the  surface  absolute 
humidity. 

labie  1  Measuring  attenuation  of  atmosphere  and  cloud  {=  9.  375GH 


fij.i  Curve  f »r  v«irruf  sutfrxa 

♦S36. 


Cioud  attenuation  was  measured  with  1.  26cn:  microwave  radiometer  in  the 
ena  of  summer.  1985.  During  the  measurement  radiosondes  was  set  off 
and  tae  aeight  of  cloud  bottom  was  measured  with  the  equipment  of 
laser  measurement  for  cioud.  The  theoretical  value  of  cloud 
attenuation  may  be  given  by  Benoit  experimental  formula.  The 
theoretical  value  and  measuring  value  of  cloud  attenuation  are  listed 
in  table  2.  Table  2  shows  that  value  of  theory  and  measurement  are 
accorded  except  for  few  data.  their  correlation  is  better.  the 
correlative  coefficient  is  0.96.  where  two  measur  ing  values  are  small. 
TLe  small  measuring  value  of  attenuation  ia  probable  because  that  the 
radio  rays  paths  didn’  t  throughout  pass  the  cloud  layer  for  irregular 
cloud  conditions.  It  is  heavy  cloud  in  the  afternoon  of  the  forth. 
September,  but  the  cloud  layer  was  very  high.  Height  of  cioud  bottom 
is  6.26km  measured  by  the  equipment  of  laser  measurment  for  cloud.  It 
is  clear  that  cloud  consists  of  ice  crystals  at  this  height.  It  is 
well  known  that  ice  cloud  absorption  to  electromagnetic  wave  are  very 
sma 1 1 . 

Table  2  Experimental  and  Theoretical  Values  of  Cloud  Attenuation 
f  =  23.  75GHZ 


J  T  ime 

1  1  b (dB) 

1  t  ,  (dB) 

i  He  (KM) 

1 

. . .  '■  — ■  '  — " '  ■ 

Weather 

5  29 

0.  1934 

0.  1940 

i  1.  74 

. 

uniform  cloud 

8  31 

j  0.6326 

0.  5990 

!  2.  02 

heavy  cloud 

!  ?  1 

1  0,  1380 

i  0.  1250 

i  2.  73 

heavy  cloud 

S  1 

!  0.  0097 

’  0,  1200 

!  3.  65 

uniform  cloud 

9  4 

:  0.  0689 

0,  0060 

1  6.  26 

heavr  cloud 

'  9  0 

0.  3668 

'  0.  3780 

;  3.  38 

heavy  cloud 

CONCLUSION 

During  the  three  measuring  periods  the  cloud  attenuations  are  measured 
by  the  sun-radio  method  and  the  atmosphere  radiation  method.  Measuring 
results  show  that  the  two  methods  are  valid.  Accuracy  of  the  sun 
-radio  method  is  high,  because  of  case;,  that  the  effect  of  side  -  lobe 
can  be  fully  removed.  but  only  attenuations  of  uniform  cloud 
conditions  can  be  measured.  Attenuation  of  various  kind  clouds  are 
measured  by  the  atmosphere  radiation  method. 
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RIGOROUS  NUNERICAL  ANALYSIS  OF  QUASI-TEN 
TRANSMIT  ION  LINES 


Bin  Song  ,  iunaei  Fu 

(Xi'&n  iiaotong  University,  Xi'an,  F.R.China) 


ABSTRACT 

A  boundary-element  method  is  proposed  for  the  quasi-TEM  analysis  of  microwave  and 
aillineter-wave  transmission  lines  of  arbitrary  cross  sections,  including  finite  strip 
thickness,  side-wall  grooves,  asymmetric  structures  and  multilayered  dielectric  media. 
To  show  the  validity  and  usefulness  of  this  approach,  a  few  interesting  examples  are 
given. 


INTRODUCTION 


Hitherto,  various  quasi-TEM  transmission  lines  have  been  investigated  thoroughly  by  many 
authors  and  many  approaches  to  analyzing  ihes:  have  been  devised.  However,  it  seems 
that  the  problem  has  not  yei  been  solved  completely  as  evidenced  by  the 

considerable  discrepancies  between  the  published  results  remarked.  In  fact,  most 
approaches  of  analysis  either  suffer  from  serious  limitation  and  usually  include 
assumptions  that  may  lead  to  considerable  uncertainty  in  the  obtained  results.  for 

example,  overlc  the  effects  of  side-wall  grooves  and  the  finite  metallization 
thickness,  or  require  a  large  computer  memory  and  long  computing  time. 

The  purpose  of  this  study  is  to  develop  a  very  general  BEN  which  can  handle 

arbitrary  cross-sectional  geometries,  including  finite  strip  thickness,  side-wall 
grooves,  asymmetric  structures  and  multilayered  dielectric  media.  The  BEM  proposed  in 

this  paper  has  a  few  merits,  i.e.,  the  required  size  of  the  computer  memory  being 

small,  the  computation  time  being  short  and  the  results  obtained  having  fairly  good 
accuracy. 

The  investigation  is  based  on  a  quasi-TEM  model  which  is  often  adequate  for 

microwave  frequencies  in  communication  applications  and  for  typical  pulse  rise  times 
0!  interest  in  high-speed  digital  circuit  design. 

THEORY 

Consider  a  quasi-TEM  transmission  line  of  arbitrary  shape  which  is  uniform  along 
the  Z  axis  direction  and  which  consists  of  isotropic,  lossless  dielectric  media.  The 
cross  section  can  be  divided  into  several--;- subregions  homogeneously  filled  with  a 
dielectric  material.  Inside  a  typical  subregion  Si,  Laplace's  equation 

Vu  =  0  <l> 


holds,  where  u  denotes  the  electromagnetic  potential.  Green's  second  identity  over 
Si  [I)  can  be  expressed  as 


jj^  u*(Vu)  -  u  (V*“  )lds  =  J'lu  q  -u  q*ldl 

5i  ^  • 


(2) 


where  L  is  the  contour  of  subregion  Si,  u  is  the  fundamental  solution,  here  we  choose 

(l/2)Dln<r)  (3) 


* 

u  = 
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viiere  r  is  the  distance  batneen  nodal  point  i  and  a  certain  point  on  the 
boondary  L.  q  and  q*  represent  the  ontvard  noraal  derivative  of  a  and  n*  , 
respectively. 

Substitute  (3)  into  (2)>  ud  assnned  that  the  boundary  L  is  snooth.  letting  i 
approaches  the  boundary  and  considering  the  Cauchy's  principal  value  of  integration, 
the  following  boumlary  integral  equation  can  he  obtained 


fl/2)  U.+  f  n  q*dl  =  u*q  dl 
*  ^ 


Dividing  the  boundary  L  into  linear  elenents,  (4)  is  discretized  and  can  be 
rewritten  in  the  following  aatrix  notation 

[  H  ]  [  U  1  =  (  G  I[  Q  ]  (5) 

in  the  sane  way,  to  other  subregions,  the  boundary  aatrix  equations  like  (5)  can  be  fonied. 

The  continuity  of  the  electric  potential  and  the  electric  flux  density  along  the 
conaon  interfaces  between  two  continuous  subregions  < say  the  ath  and  nth)  requires  that 

(b) 

^Ut  _ auj 

an]  <7) 


Using  (5)-<7)>  we  can  obtain  the  final  aatrix  equation  in  the  fora 

(  A  ]  (  X  ]  =  (  B  )  (I) 

Solving  (8)  for  the  unknown  quantities,  the  potentials  tad  noraal  derivatives  at  the 
nodal  points  are  deteraiaed.  Then,  the  charge  density  on  the  aetal  strip  can  be 
coaputed,  therefore,  the  charge  quantity  per  unit  length  on  the  inner  conductor  nay 
be  obtained.  Once  the  charge  distribution  is  known,  the  capacitance  per  unit  length  C 
is  readily  obtained 


The  characteristic  inpedance  and  the  affective  phase  velocity  are 
2  =  lA  \oJz~Ca  ) 

Ve  =  Vo/^r 


where  Vo  is  the  velocity  of  light  in  free  space  .  C  is  the  capacitance  of  the 

actual  line  and  Co  is  the  free-space  capacitance  of  the  line. 

The  expression  given  in  (9)~(11)  are  for  dual-conductor  transaissioo  line,  however, 

the  sane  procedure  can  be  applied  to  find  the  capacitance  and  characteristic 

inpedance  for  even  and  odd  aodes  of  coupled  transaissioo  lines  or  to  find 
capacitance  and  inpedance  aatrices  for  a  system  of  n  tines. 

RESULTS 

The  first  exaaple  studied  is  a  suspended,  nultilayered  stripline,  as  shown  in  Fig.l. 

Relatively  high  walls  are  treated  in  order  to  see  the  strong  affects  of  side-wall  grooves. 
The  characteristic  inpedance  Z  and  the  wavelength  reduction  factor  .Xg^^Ao  are 
coaputed.  and  the  results  of  nuaerical  calculation  are  shown  in  Fig. 2.  It  can  be 

found  that  the  results  for  zero  aetal lization  thickness  are  in  good  agreeaent  with 

data  published  by  Yanashita  [2]  coaputed  with  the  variational  technique.  For  a 


♦  539- 


utalUzation  tiiicJuass  't/b'=0.02>  tiie  cliaractaristic  iapeduca  Z  is  sUglitly  redncad 
and  tha  wavalangth  redaction  factor  Ag/'Ap  is  slightly  IncTsaaad.  then  the  innar 


Fig.  1  Cross  section  of  a  snspendad  striplina. 
(a/b=l.O,  hUh=0.4,  h2yh=0.2/  h3yb=fl.4,  ty'h=0.02  ; 

6rl  =  £  rj  =  1.0,  £r2  =  2.22  ) 


Fig.  2  Inflaences  of  side-wall  groaves  on  characteristics 
of  the  suspended  strip  line. 

(  -  this  nethod,  ty'b=(J.02  ; - (  2  ],  tyb=0  ) 

conductor  thickness  t  is  a  swell  fixed  value,  with  the  increasenent  of  the  width 
H,  the  obtained  results  cone  close  to  those  in  [21.  FroaFig.2,  we  can  also  found 
that  when  the  depth  of  grooves  is  increased,  the  characteristic  inpedance  end 

wavelength  reduction  factor  are  also  increased  rapidly  but  eventually  no  wore 
effect  are  observed  in  the  region  of  deep  grooves.  Because  groove  effects  are 

significant  in  the  range  of  snail  d,  these  can  not  be  neglected  when  precise 
filters  are  designed.  The  above  BEN  calculations  are  perforwed  with  136  nodes,  while 
the  corresponding  FEN  calculations  need  at  least  360  nodes. 

The  next  exanple  is  a  broadside-coupled  transaission  line  whose  generic  cross 

section  is  shown  in  Fig.  3. 


Fig.  3  Cross  section  of  a  broadside-coupled  transaission  line. 
Ca^b=2. 0,  h|/b=h3/h=0.V,  h2A=fi.Z>  t/b=0.B2,  (UbrO.  1  ; 

£  rl=£r3  =1.0,  £r2=2.35  > 

^  ^  -840 . 


Fig.  4  Ciutracteristic  iapedance  Ad  affectiva  jpJiasa  valocity 
of  tJiB  broads  ida-cQup  lad  traasaission  liaa. 

(  — —  "  —  this  aethod  j - (3)  ) 

Coaputed  rasults  for  tbe  charactaristic  iapadanca  Z  aod  tlia  affactlva  phase  valocity 
as  a  function  of  aspect  ratio  denoted  by  the  solid  line.  are  coaparad  with 

the  nuaerical  results  obtained  via  the  variational  aathod  (3}/  shown  by  the  dashed 

line  in  Fig. 4.  Froa  Fig. 4>  it  can  be  found  that  the  characteristic  iapadanca  and 

the  affectiva  phase  velocity  calculated  by  the  approach  are  all  less  than  those  by 
[3]. The  variational  aathod  proposed  in  [3]  didn't  consider  the  finite  aetallization 
thickness  and  the  effect  of  side-wall  groovas>  while  these  are  all  thought  over 

in  this  paper.  so  the  result  obtained  are  closer  to  the  experiaental  rasuits 
than  those  of  other  aethods. 

CQNanSIlHiS 

In  this  investigation,  a  boundary-eleaent  procedure  for  qnasi-TEN  analysis  of 
atcrowave  and  ailliaatar-wave  transaission  lines  with  anltilayared  dielectric  aedia  is 
proposed.  This  approach  is  capable  of  handling  various  guasi-TEM  transaission  lines 

with  rather  arbitrary  configurations,  including  finite  strip  thickness,  sida-aall 
grooves,  asyaaetric  structures  and  aultileyered  dielectric  aedia.  The  approach 
presented  in  this  paper  is  applicable  to  various  transaission  structures  involving 
inhoaogeneous  dielectric  aedia,  e. g.,  aulti conductor  transaission  lines  in  anlti layered 
aedia. 
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EXftCT  SICB^lULftR _ INTEGRAL  EQUATION  SnLUTinM 

£DB _ THE  MODE  FUNCTIONS  OF  FINNED  GUIDES 

P  V  Ramakrishna  and  D  Chadha,  Daptt.  of  Electrical  Engg.,  Indian 
Institute  of  Technolug/r  Hau2  Khas»  New  Delhi-‘110016,  India 

Introduction  :  A  computationally  efficient  method  capable  of 

giving  a  large  number  of  modes  of  finned  guides  is  an  important 
tool  in  the  characterization  of  tinline  circuits.  In  C13-C53, 
the  TE  and  TM  modes  of  finned  guide  have  been  used  to 
characterize  certain  finline  ;conf igurations  derived  from  the 
finned  guides.'  However,  there  are  very  few  papers  reported  in 
the  literature  which  deal  with  an  efficient  evaluation  of  a  large 
number  of  modes  of  finned  guides.  Though  the  finned  guide  modes 
can  be  obtained  as  a  trivial  special  case  from  the  many 
derivations  of  finlines  which  are  already  available  in  the 
literature.  But  in  terms  of  analytical  exactness  of  the  method 
(no  approximations  at  any  stage),  and  in  terms  of  computational 
efficiency,  only  one  other  method  reported  in  the  literature  C33 
is  equivalent  to  the  one  derived  in  the  present  paper. 

In  this  communication  we  present  an  alternative  singular  Integral 
Equation  (SIE)  derivation  for  obtaining  the  TE  modes  of 
unilateral  finned  guides.  The  same  derivation  can  be  easily 
modified  to  obtain  the  TM  modes  as  well  and  even  to  obtain  the  TE 
and  TM  modes  of  bilateral  finned  guides  and  these  results  also 
are  reported  in  this  communication.  The  present  derivation  is 
based  on  the  method  given  by  R.Mittra  et.  al.  C6D  for  the  case  of 
microstrip  line.  Using  the  present  derivation,  it  is  found  that 
a  matrix  inversion  of  order  3  is  sufficient  for  obtaining  upto  30 
modes  of  the  finned  guide. 

Derivation  of  TE  Modes  of  a  Unilateral  Finned  Guide  •-> 

Consider  the  TE  modes  of  a  unilateral  finned  guide  with  its 
slot  located  symmetrically  so  that  the  structure  could  be  reduced 
to  the  one  shown  Fig.1  The  TE  mode  functions  (TE  to  z>  in  the 
two  regions  could  be  written  as, 
f  to 

Z  A„  cosh(4n(d-*-y)  )cos(kn  X>  :  -d  i  y  i  0 

®  ®  A 

Z  cosh(t!n(h-y)  )cos  (kn'^^O  -  0  y  h 

where,  k„  *  nn/L,  <ttn)“  =  (kn>*  -  (kc)“,  with  Kc  being  the  cutoff 

wavenumber.  The  nature  of  the  above  expressions  are  such  that 
boundary  conditions  on  the  periphery  of  the  waveguide  (except  the 
fins)  are  taken  care  of.  The  expressions  for  Hz,  Ex  can  be 
written  in  terms  of  0.The  boundary  conditions  for  the  fields  at 
the  fin  plane  areS 
1)  Ex1=  Eh2  0  <:  X  iL  L 
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2)  E^1=  E«2  »  O  0  K  1  t 

3)  H,1  «  H,2  t  1  X  1  L 


On  applying  conditions  1),  we  can  express  Bn  in  terms  of  An  and 
the  resulting  expression  is. 

Bn  =  An  sinh(c(nd)  /  sinhCdTnh) 


Next,  denoting  Andnsinh  (dnd)  by  An',  and  applying  condition  2) 
gives,  ^ 

An  as  (2/1.)  j  Ex  <  :< )  cos <  knX )  dx  —(1) 

•t 

where,  Em(X)  is  the  tangential  electric  field  in  the  fin  plane. 

Finally,  on  applying  condition  3),  and  following  the  procedure 
similar  to  the  one  outlined  in  C6!I,  one  can  obtain  the  following 
integral  equation  for  Em(X): 

L 

{2/L)\e»(X')  (1/2)  sinCk^X)  dX ’  ^ 

j  -  =  £  An  an  sin(kn  X>  — (2) 

t  (cos(kiX')  -  cos<kiX)) 

,  t  i  X  L 

Although  An*  are  as  yet  unknown,  again  following  the  procedure 

given  in  C6I],  we  can  write  the  solution  of  Em  (x)  as 


Em  (X)  »  E  An  an  fn  (x)  +  (E  a1  Cn  +  A.'  C.)  Fn  (X)  ? 

05=1  0=1 


--(3> 


t  1  X  i  L 

Substituting  for  Em(X}  from  eqn.(3)  into  eqn.JD,  we  get^  the 
required  final  linear  system  of  equations  for  determining  An  as, 


E  (  Swtf  n  *■  (  Dm,  n  (/m,  Cn  >  iO  }  An  **“  Al^  Co  ^,m  *  0  f  m*i  ,  2  ,  .  .  **■"*  (  d  ) 

«  /  , 

E(-Ko  Cn)  an  An  +  Ao  ( 1  -  Co  Ko  >  =  0  — (5) 

-n^i 


The  explicit  expressions  for  an,  Cn ,  fn^X),  FnlX),  D^n  and  K*.  are 

not  given  here  for  the  sake  of  brevity,  but  all  of  them  can  be 
obtained  by  following  same  procedure  used  in  C6I].  It  may  be 
noted  that  all  these  quantities  can  be  evaluated  in  closed  form 
without  resorting  to  any  approximations  whatsoever  (no  truncation 
of  infinite  series  and  no  evaluation  of  integerals  numerically). 
It  may  further  be  noted  that,  as  in  C6I],  the  quantities  an  and  Cn 

rapidly  lend  to  zero  as  n  increases.  The  zero  crossing  of  the 
determinant  of  the  system  obtained  from  eqns.(d)-(5)  would  fix 
the  cutoff  frequencies  k*  of  the  various  TE  modes  of  the  finned 

^uide.  Since  an  and  Cn  go  to  zero  rapidly  as  n  increases,  it  is 
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•"equired  to  invert  only  a  small  order  matrix  (typically  S  or  3) 
in  order  to  obtain  An. 

NuniBrical  Results  and  Discussion  :  Using  the  above 

derivation,  the  cutoff  frequencies  of  a  unilateral  finned  guide 
have  been  computed  and  are  presented  in  Table  I  alongwith  the 
results  given  in  C7I1  for  comparison.  Fallowing  a  similar 
procedure,  one  can  also  obtain  the  TM  modes  of  a  finned  guide. 
Also,  the  above  derivations  can  be  applied  to  bilateral  finned 
guides  with  certain  trivial  modifications.  The  propagation 
constants  of  a  finline  with  low  dielectric  constant  substrate 
ma^rial  can  thus  be  computed  by  using  the  Generalized 
telegraphists  (GTE)  C8T  for  the  loaded  finned  guide  structure. 
These  results  are  given  in  Table  II  alongwith  those  given  in  C53 
for  comparison.  Although  the  results  of  all  the  higher  order 
modes  presented  in  C53  agree  equally  well  with  those  obtain  using 
the  present  method,  only  the  first  ten  modes  are  presented  here 
for  the  sake  of  brevity-  It  can  be  seen  from  both  Table  I  and 
Table  II  that  the  results  oof  the  present  method  agree  to  within 
1’/.  with  those  obtained  using  other  mehods.  The  following  poin.ts 
are  offered  towards  conclusion: 

1)  In  the  present  method,  all  the  elements  of  the  final  matrix 
can  be  obtained  in  closed  from  without  resorting  to  any 
approximations.  Also,  the  matrix  inversion  order  remain 
extremely  small  (2  or  3)  even  for  determining  higher  order 
modes.  These  are  the  two  main  advantages  of  the  present 
method  as  compared  to  the  well  known  Spectral  Domain  Method 
and  Method  of  Lines. 

Z)  As  compared  to  the  SIE  formualtion  of  C53 ,  the  present 
derivation  is  done  entirely  in  terms-'  of  fields  and 
potentials  without  resorting  to  fin  currents  and  Greens' 
functions.  Also,  in  comparison  to  the  Transverse  Resonance 
formulation  of  C13,  the  present  derivation  does  not  resort 
to  the  Galerkin's  approximation  used  in  C1D. 

3)  The  simplicity  and  effectiveness  of  the  single  mode 
approximation  formula  of  GTE  obviates  the  need  for  going  in 
for  an  elaborate  hybrid  mode  analysis  for  finlines  on  low 
dielectric  constant  substrates.  This  fact  has  already  been 
exploited  successfully  in  C13. 
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TABLE  Z 


Noraalixvd  cutoff  froquoncy  (EL/ Ac) 
of  unilatoral  finnod  guido 


S.No. 

<1-t/D 

Present 

Method 

From 

Ref  C73 

1. 

E/3 

0.2398 

0.E379 

E. 

1/E 

0.EE49 

0.EE34 

3. 

1/3 

0.E031 

0.E039 

4. 

1/4 

0.19S7 

0.1919 

3. 

1/8 

0.1690 

0.1690 

b. 

1/16 

0.1318 

0.13E3 

7. 

1/3E 

0.1388 

0.1400 

Note  :  Refer  Fig.1,  d  •  h  >  EL.  >4^  the  cutoff  iMvelength. 


!  TABLE _ U 

I 

I  Sou^ree  of  oroaaaottan  eonetonte  of  the  ftret 

ten  etadee  of  btloterel  finlineee 


Finned 

Guide  cutoff 
wave  number 
k.  (m— *) 

(mm-*) 

GTE 

Single  mode 

From 

Ref  C33 

1. 

330.63 

0.333 

0.360 

E. 

1070.7 

-  0.7E8 

-  0.726 

3. 

1787.9 

-  E.801 

-  E.aOl 

4. 

ia9E.7 

-  3.184 

-  3.184 

5. 

1988.8 

-  3.363 

-  3.362 

6. 

E174.4 

-•  4.314 

-  4.314 

7. 

E540.5 

-  6.071 

-  6.067 

8. 

E63S.0 

-  6.54a 

-  6.560 

9. 

E887.0 

-  7.923 

-  7.9E0 

10. 

3S37.3 

-10.230 

-10.237 

Note 

*-  Finiine  in 

UR2B  waveguide 

housing.  Slot  width  is 

I.Ctom.  Substrate  thickness  is  0.2S4nua.  ^r**Z,Z2, 

Frequency  is  30.0  Ghz. 


S4S> 


Th4.3 


AN  EXAMPLE  OF  MILUMETEB-WAVE  (Sbo)  SCALAR  NETIOBX  MEASUBEMENTS 


Ttog  Xinfftttg 

(Soathweat  loatitate  of  Applied  Macoe ties  of  Ckiaa) 


IMTBOOUCTION 

This  Qote  describes  so  trasaoissioii  sad  refleetioa  oesaore  spsten  bp  osiag  of  tbe  HP  8767A 
scalar  aaaipaer.  tbe  HP  83S0B  sweep  oscillator,  tbe  HP  B3573A  BF  plug* la.  tbe  HP  7470A 
grapbies  plotter  aad  associated  aeeeasorjes  at  hotge  aad  abroad. 

MEASUREMENT  SYSTEM 

Scalar  aetwork  aaalpser  aeasares  tbe  power  reflected  or  traosoitted  bp  detices  saeb  as 
tsillioeter^waTe  wsTCgaide  isolators.  Tbe  conf igaratioa  described  here  is  s  eooplete  scalar 
aetwork  ateasarenent  spsteoi  as  sbowa  ia  Fig.  1.  It  coasists  of  the  aoorce  to  proride  stiataUs 
to  the  test  derice.  tbe  direetioaal  eoopiers  aad  waregaide  detectors  to  saaipie  the  reflected 
sad  traasfflitted  signals,  tbe  receirer  for  signal  proeessiag  and  dieplap.  and  tbe  plotter  or 
printer  for  hardcopy  ootpot.  Together,  these  inatroiaeats  can  prodaee  fast,  aeearate. 
siooltaaeoas  swept  displays  of  transoission  loss  or  gaio.  aad  reflection  loss  or  retaro 
loss  as  faaction  rersaa  fce^aeacy. 

MEASUBEHENT  PBOCEOUBE 

Abbrerided  oessaremeat  proeedare: 

1.  to  connect  measareoent  apsteai  as  shown  in  Fig.  i.  Press  HP  8757A  on  PRESET.  Use  HP  8360B/ 
83S72A  controls  to  set  start/stop  sweep  aad  power  ierel. 

2.  to  connect  HP  R921D  Waregaide  Fixed  Short  to  TEST  PORT  for  ntakiag  reflection 
calibration,  then  store. 

3.  to  connect  ‘THRU*  (connect  DETECTOR  PORT  to  TEST  P0RT.>  for  making  transmission 
calibration,  then  store. 

4.  to  connect  Deriee  Under  Test  for  measariag  insertion  lossldBl  and  retaro  lossldB  or  SIB). 
&.  to  connect  reTersc  Deriee  Under  Teat  for  meaaaring  isolation (dB) . 

6.  to  ase  HP  7470A  for  hardcopy  oatpat  resolts  tested  at  sweep  freqaenee. 

APPLICATION 

The  milhffleter*wave (8mm)  waxegaide  isolators  made  by  oar  institnte  ';ere  measaremented  with 
the  hcme-made  inatraments  (at  the  points  of  freqoeney).  tbe  specif  ieatioas  as  follows; 
Frequency  Range:  26.6 — 40GHi 
Bandwidth;  3GH> 

SIR  (Max. ) :  1.2 

Maximum  Insertion  Loss;  0.  6dB 

Min  imam  IscUtion:  20dB 

fe  hare  imported  major  instrameot  sneh  as  HP  8767A.  8360B.  83672A.  R762C,  R423A.  7470A.  If 
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bnrinf  imm  oore  aeetiieries.  we  eu  let  ap  abOTe  nilliaietcr*waTe<aHa)  aealar  oetwerk(awept 
freaeeaep)  aeaeareneat  ajiten.  It  will  apced  ap  tke  deeaUHieat  ef  tbe  aillineter-wave 
derieei  and  ioprore  tbe  qaalltp  ef  theie  prodaet  with  tfcia  oeaiereMBt  ipiten. 
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SOIC  ASPECTS  CONCERNING  CHARACTERICTIC  PARAICTER 
CALCUUTION  ALGORITHIS  FOR  MAIN  TRANSMISSION  LINES 
IN  CM  AND  My!  WAVE  RANGE. 

R.  K.  Starodubrovsky 

Institute  of  Electronic  Maasurements  ”KVARZ”. 

176  Prospect  Gagarina, 

Nizhny  Novgorod  603009,  Russia 

ABSTRACT 

Modernization  of  the  mathod  of  subareas  was  used  for 
realization  of  inproved  characteristic  parameter 
calculation  algorithms  of  main  and  special  transmission 
lines  for  quasi-TEM  propogating  waves  .  Results  of 
calculations  allow  to  receive, convenient  for  engineering 
practice, empirical  expressions  for  wave  inpedance  value  and 
effective  dielectric  constant. 


The  utilization  of  soma  main  and  special  cm  and  mn 
transmission  lines  (fig  la-g)  with  propagating  waves  in 
quasi-TEM  mode  gives  wide  opportunity  for  designing  of 
miniature  ultrabroadband  devices. 

They  are  used  for  realization  of  balanced  transitions  and 
mixers  (fig  la-c) ,  tight  and  supertight  coupling  for 
multisection  3db  couplers  (fig  Id-e),  high  directivity 
couplers  (fig  If),  support ir^  "figured”  beads  (fig  Ig). 

The  principal  importance  has  the  cixiice  of  universal  and 
precision  enough  calculation  method  to  determine 
characteristic  parameters  (  wave  inpedance  Z  and  effective 
dielectric  constant)  for  transmission  lines  with  different 
complex  contours  of  conductors  and  dielectric  boundaries. 

Experimental  results  confirm  the  efficiency  of  quasi-static 
approximation  for  characteristic  parameter  culculation  for 
cm  and  partlaly  for  mm  wave  range.  Some  modernization  of 
the  method  of  subareas  /  1  /  is  available  for  this  problem 
solution.  Inproved  calculation  accuracy  can  be  achived  by 
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correction  procedure  for  capacitance  C  per  unit  len^t 
determination.  For  instance, corrected  capacitance  per  unit 
lenght  for  conductor  of  arbitrary  contour  in  closed  screen  is 

Cccr  -  X  X 

I  d'-i 

where  q^»  ,  -  charges  on  elementar  segments  which 

approximate  conductor  contours  .  Charges  are  determined  by 


equation  system  solution: 


.i  =  i  ^ 


i(|.L;atfcns 


h  ^  e«j,uattons 


oly-  potential  coefficients 

1  -  quantity  of  elementar  segments  on  central  conductor 
m  -  quantity  of  segments  on  outer  conductor  (screen) 
p  -  quantity  of  segments  on  central  conductor  in  vicinity 
of  conductor  contour  heteroqeneityC  fig  2) 

-  potential  in  central  points  of  elementar  segments 


Value  of  average  potential  ^irCair)  segments  in  vicinity 
of  contour  heterogeneity  may  determined  by  culculation 
of  potentials  in  some  points  along  this  segments  as 

where  k  -  the  quantity  of  discrete  points  along  the 
abovementioned  segments  and  ,y^)  is  determined  by 
expression  : 

j=i 

Values  q  are  determined  from  equation  system  solution(2). 
At  a  rule  it  is  enough  to  take  quantity  k  equal  to  3  and 
the  mean  value  ^^(x^  ,y, )  equal  to  potential  at  the 
center  of  the  segment. 
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Typical  picture  of  the  potential  distribution  at  one  side 
of  conductor  contour  for  bar  conductor  is  illustrated  in 
fig  3.  It  can  be  seen  that  substantial  potential  deflection 
along  last  segments  in  vicinity  of  heterogeneity  takes 
place.  Accuracy  control  was  achieved  by  comparison  with 
known  precision  data  /  2  /  for  bar  conductor  in 
rectangular  screen.  Error  decreasing  is  achived  from  (3-5)% 
to(0.2-0.3)%  by  applying  formulas  (1)  ,(3),  (4). Quantity 
of  segments  can  be  moderate. 


The  second  moment  of  calculation  method  improving  is  to 
use  simple  but  precision  enough  expressions  for 
coefficients  cLlj  .  For  arbitrary  conductor  contour  with 


good  accuracy  the  following  expression  can  be  applied  : 

cLn=-2En(^)  ^  /j.  Jo) 


k  =  0.0986 
0.  0220 
0.  009 


-0. 0531  for  j 

0.  0014- 

0. 


j-i±l 

j-i+2 

j=i+3 


0-0  0.  j<i-3  indJ>c-+-3 

-  angle  in  radians 

0:  -  dimension  of  elementar  segment 


The  sense  of  values  r.^^j,  f-y  is  clear  from  fig  4.  In 
case  of  inhomogeneous  dielectric  usage  it  is  necessary  to 
apply  additional  equations  for  boundary  charge 
determination  and  to  use  condition  of  continuosly 
transition  of  normal  vector  part  D  through  dielectric 
boundaries  .  As  a  rule  calculation  errors  for  Inhomogeneous 
dielectric  do  not  exceed  (0. 5-1)%.  Good  stability  of 
calculation  results  was  found  for  considerable  segment 
quantity  variations  on  conductor  contours. 


Results  of  calculations  allow  to  receive  convenient  for 


engineering  practice  empirical  expressions  for  dependence 
of  Z  and  on  geometrical  dinfSnsions  and  value  of  For 
instance,  values  Z  and  of  widely  used  microstrip  line 
With  cerntain  screen  conductor  width  may  be  expressed 


in  form  r  fsi]  i 


'y  - c  A. .  fU  M 

^  I  /  /+<-V  ftu  if  ^/h  ^-l 
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-h...  (a,)  ^  [as[i  f  id 

c  , -  ikti  +  /y  ^  .  -JU-/ ■■'^'  /?) 

Uere 


<?.£’2 


c  -It _ _ f  ^ 

I  ;  i>cA=/j(uj«) 

Calculation  errors  of  this  expressions  do  not  exceed  17,. 
Calculation  results  for  configurations  given  in  Fig  la-g 
were  used  for  microwave  device  engineering;  hybrids,  3db 
couplers, precision  directional  couplers, ref lectometers  and 
mixers  in  12-40  GHz  range. 
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F ; gure  1.  Transmission  line  cross  sections 

SeQwents  in  vicinity 
of  contour  heterogeneity  U/Ui 


Figure  S. 

Elenentar  segments 
on  conductor  contours, 


w/2 

F igure  3.  F igure  4, 

Potentiol  distribution 
along  segments . 


Th4.5 


OPTIHUH  DESIGN  OF  WAVEGUIDE  TAPER  FROM 
RECTANGULAR  TO  GROOVY  CROSS  SECTION 

Liu.  Jin  Yins  and  Qin.  Jian  Zhann 
(Bei.iing  Vacuum  Electronics  Research  Institute 
P.  0.  Box  749- J4.  BeUing.  lOQOlB.  China) 


ABSTRACT 

A  waveguide  taper  from  rectangular  to  groovy  cross  section  is  designed  using  the  mode 
coupling  theory.  In  the  frequency  range  of  75-110  GHz.  the  experimental  VS¥R  of  the  taper 
is  less  than  1.04. 

INTRODUCTION 

Groove  waveguide  is  found  more  and  sore  applications  in  millimeter  wave  transmission 
system  for  its  advantages  of  low  attenuation.  high  power  capability,  relative  large 
size  and  consequentially  non-critical  fabrication  tolerance.  The  current  used  instruments 
and  devices,  however,  are  usually  in  rectangular  waveguide  for  their  input/output  port 
such  as  the  output  window  of  the  mmw  sources,  the  input  port  of  the  powermeters.  etc.. 
To  improve  the  performance  of  the  mixed  system  of  groove  and  rectangular  waveguides, 
the  taper  with  complex  transition  curve,  as  shown  in  Fig.l.  must  take  place  the  simple 
tapers,  or  V-type  tapers.  Usually  it  is  difficult  to  obtain  low  VSWR  for  the  later  because 
of  Its  straight  line  transition  curve. 


Transition 


Part  I  Part  11 

Fig.l  Waveguide  taper  from  rectangular 
to  groow  cross  section 
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THEORETICAL  ANALYSIS  AND  PROGRAM  DESCRIPTION 


SoiyMT’s  foriulaelD  for  the  spurious  lodes  in  nonunifor*  waveguide  presented  the 
aiplitutes  of  ail  transnitted  and  reflected  waves  at  the  input  and  output  ports  of  a  taper. 
The  forauiae  are  the  solutions  of  the  equations  transforaed  froa  the  solutions  of 
Beiaohotz's  equations  and  they  have  been  prograaed  for  the  arbitrary  cross  section  and 
arbitrary  transition  curves|2}. 

RESULTS  AND  DISCUSSION 

Using  the  program,  three  tapers  have  been  designed  theoretical iy  and  the  normalized 
amplitudes  of  the  aain  spurious  waves  to  the  incident  dominant  aode  HIO  are  shown  in  Fig. 2. 
Curve  A  in  Fig. 3  shows  the  experimental  VSWR  of  taper  a  and  curve  B  is  the  VSliK  of  a  taper 
designed  using  the  impedance  natch  aethod(3).  It  is  seen  that  the  VSWR  of  taper  i  is 
predictively  very  small,  and  its  transmission  coefficient  shoud  be  aproximate  to  unit  because 
of  the  small  amplitudes  of  the  spurious  waves  at  the  output  port. 


Frequency  (GHz)  Frequency  (GHz) 


Fig. 2  Normalized  amplitudes  of  spurious  waves 
vs  frequency  at  input  and  output  ports 
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Frequency  IGBz! 

Fig. 3  Experisentai  VSiR  vs  frequency 
CONCLUSION 

The  waveguide  tapers  froi  rectangular  to  groovy  cross  section  are  designed  using  the  node 
coupling  theory  without  introducing  the  traditional  VSliR  concept.  The  e.tperi>ental  results 
shows  that  this  aethod  has  the  advantages  of  directness  and  coipieteness. 
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ABSTRACT 

As  the  development  of  our  previous  analyses  on  single  circular  groove  guide  and  double  circular  groove  guide 
with  identical  diameter ,  a  theoretical  investigation  of  the  field  configuration  of  double  circular  groove  guide  with 
different  diameter  has  been  made  and  its  characteristic  equation  has  been  presented. 

INTRODUCTION 

Single  circular  groove  guide  Is  a  new  type  of  transmission  medium  in  short  millimeter  wave  and  extra-far  in¬ 
frared  we  have  presented.  Compared  with  rectangular  groove  guide,  it  is  more  suitable  to  output  of  high  pow¬ 
er  gyrotrons.  In  our  previous  work,  we  have  analyzed  its  transmission  properties,  We  have  discussed  the 
field  configuration «  the  characteristic  equation  and  the  attenuation  coefficient.  The  results  we  have  obtained  ex¬ 
press  that  as  transmission  waveguide ,  single  circular  groove  guide  shows  its  advantages  of  low  loss .  singls  dc , 
high  power  handling  capacity  and  relatively  large  cross  section  over  traditional  rectangular  wavepuide ,  particu¬ 
larly  when  frequency  is  above  300  GHz. 

Double  circular  groove  guide  can  support  two  types  of  modes  which  have  different  phase  velociues .  t.''.at  is ,  odd 
modes  and  even  modes.  Because  there  is  coupling  between  the  odd  and  even  modes,  the  power  car.  trsnsrer  from 
one  groove  to  the  other.  Therefore,  double  circular  groove  configuration  can  be  used  to  design  a  new  type  of 
coupler.  On  the  basis  of  our  analyses  of  single  circular  groove  guide,  we  have  studied  symmetric  double  circular 
groove  guide,  i,  e.  ,  double  circular  groove  guide  with  identical  diameter.  It  is  fundamental  structure  of  double 
circular  groove  guide.  We  have  derived  ia  characteristic  equations  and  given  the  solutions  under  first-order  and 
second-order  approximation^^  The  results  show  that  the  difference  between  TEu  and  TEu  mode  is  small.  This 
will  make  the  beat  wavelength  too  long  to  be  used  in  practice.  Besides,  the  ban J width  of  the  coupler  based  on 
this  struCTure  is  narrow.  Accoraing  to  Miller' s  coupled  wave  theory  and  Meissner' s  paper^*^-'^*^ ,  the  asymmetric 
structure  can  reduce  the  beat  wavelength  and  broaden  bandwidth.  For  this  reason,  we  consider  using  tr.e  struc- 
rure  of  double  circular  groove  guide  with  different  diameter  to  improve  the  properties  of  coupler  consauccen  cv 
symmetric  double  circular  groove  configuration. 
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la  tliis  paper .  we  will  analyze  the  construction  of  asymmetric  double  circular  groove  guide,  give  its  first^Kicder 
approximate  characteristic  equation  and  compare  it  with  the  situation  of  symmetric  ooe. 

CHARACTERISTIC  EQUATION 


Fig.  (1)  gives  the  cross  section  of  asymmetric  double  circular  groove  guide  investigated.  The  guide  extends  to 
infinite  in  the  z-direction,  die  direction  of  wave  propagation.  The  cross  section  can  be  devided  into  secticn  A 
and  B  by  central  straight  dMted  line  whi^  can  be  effectively  replaced  by  an  electric  or  a  magnetic  wall  corre¬ 
sponding  to  the  fundamental  TE  odd  mode  (TEji  mode)  and  TE  even  mode  (TEit  mode)  separately.  Each  sec¬ 
tion  consists  of  three  parts,  i.  e.  ,  the  arc  region,  the  marginal  exponentially  evanescing  region  and  the  central 
parallel  plane  region.  Tliey  are  designated  by  (1) ,  (2)  and  (3)  respectively.  Because  of  asymmetry,  S)  aixi$t 
are  unequal  and  the  sum  of  S|  and  St  is  equal  to  2s,  the  separation  between  two  grooves. 

Assuming  the  groove  separation  2s  meets  the  condition  2s,> 

aid  — cosaoi)-)-ai(l— cosooi)  and  according  to  the  struc-  X 

ture  illustrated  in  Fig.  (1) ,  we  can  vmte  the  boundary  con- 
ditoo.  They  are  as  following: 

(p=ai,0<lal^a«i) 

(p=ai,a— a«i^|o|^«) 

(p=ai,0<|a|<a«) 

Euij  (p=ai,n— ooi^  |o|^ji) 

0  (p=ai,a*i<lol<n— a«,)  (1) 

Hg-s,— H,-!,  (o' =at,n— om^Io'  l<n) 

Hifs,*H,ri,  (o' =“ai,0^ In'  |^a«]) 

^»i  (p' =ai,n— aw<|a'  l<a) 

E,.ij*-E,^»j  (f/ =ai,0^ |a'  |^a«i) 

0  ((/ =a,,a«<|o'  |<n— a„) 

For  convenience ,  we  use  different  coordinate  systems  in  the 
two  sections.  After  analyzing  the  field  configuration , 
we  obtain  the  H,  field  components  under  first-order  app¬ 
roximation. 


Fig.  ( 1 )  The  cross  section  of  asymme¬ 
tric  double  circular  groove  guide 


In  section  A : 


Hm,  =Ha,  Ji  (k,p)sina 


= B*j  klsin  )expC-k.A  (x — xoi )  ] 


(2) 


H,A,=ltisin(^){Cich[k,A  (s+ai<»sooi4-x)-+-Cish[k,A(s-|-aiCoso,i4-x)]} 
and  in  section  B.  JiCkcP'  )sino' 

H,.B,==BB,k|sin(^)exp[k,.B(x'  -f-x*,)]  (3) 

H,.b,— kisin(-^)  {C|Ch[k,.B(x'  —  s~atCosaoj)+Cish[krB(x'  —  s— a»cosa«t)3} 

Where  k.  is  cut-off  wavenumber,  H*_,Hb, .Ba,,Bb, ,Ci»C,  are  the  amplitudes  of  field  in  sections  A  and  B,  x», 
and  x,t  are  the  x  components  at  arc  boundaries  and  k^^kd  are  the  wavenumbers  in  x  direction  in  section  A  and 
B  separately. 

Using  expressions  (1 )  -~  (3)  and  noticing  that  k^  is  equal  to  k,.B,  we  am  derive  characteristic  equation.  It 
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reads: 


mi*J,(uA)  A,aPA,  D_  D  \ 

Sm - XT 


D, 


(P*P*.-P*,Pa,) 


Where 
If  Ut  : 


^(P.P..-Pb.P..) 

Ua==IUIu  u*=k.aj 
fi(xi,X2)==J  x_sinoBin(Msma)da 

f‘* 

fj(xi,xi)=J  ,  sin(Msma)sinacoaxla 


xuBJjfu*)  DiPm,  Di/„  „  ion 

-2Jm - dT 


(4) 


) 


f|(Xi 


*x»)**J  ,,eo#(Msina)sin*ado 

f'- 

fi(xi,XB)®»J  ,_sJn*(Msina)da 
[*• 

f«(xj,x»)*J  ,,sin*(Msino)a4i(Vcosa)da 


fs(xi,x:)=j  ._sin*(Msina)ch(Vcoso)da 
fT(xi,Xj)=|  .^cos(Msina)sin*ach(Vcosa)da  f,(xi,Xt)=“I »,««(Msina)*m*ash(Vcasa)da 
fi(xi,Xj)=j  ,_sin(Msina)sinacasadi(Vcosa)da 

f  ** 

fiii(xMXi)=J  ,jSin(Msina)sinooo8ash<Vcosa)da 
Then  we  have-  Ai=fi(0,a«i)  Ai  =  fj(x— a«nx) 

Di*fi(n— o»j  ff)  Da=f)(0,a«2) 

(i=l~4)  (j*5~10) 

But  it  should  be  noticed  that  we  must  substitute  V  ,M  by  Va  Ma  and  by  V»»M»  req)ectiveiy  in  calculating  param¬ 
eters  At  and  Dj.  Where:  VA*=aik.A  and  Vas^atkiri 

The  other  parameters  in  equation  (4)  are: 

Q=Pa.P*.+P..Pa. 

Pa,— ch(j  i)A$+sh(yi)A« 

P*^=sh(y,)A5-l-ch(yi)Ai 

Paj^MaAj  VaAi 

PA.=M*Cch(yi)Ar+sh(yi)Ai]-r  VA[sh(yi)A»-f-ch(y,)Aio] 
P*^=M*Csh(yi)AT+ch(yj)A»]-‘-V*[ch(yj)A»4-sh(y,)AiO 

yi=V*(— +cosa»i) 

8: 


P. 

P, 


=ch(yj)D5— sh(yi)D, 

= sh  (yi )  Ds — <*  (yj  )D| 

=M,Dj+VJD, 

=M»[ch(yt)DT— sh(yj)Di3+V,([ch(yi)Di,— sfi(yi)D»] 
*M«[sh(y*)Dr— ch(yj)D|]-f'Vi[sh(yt)Dic— ch(y»)D»] 


yj=®V,( — hcoso.,) 
aj 

The  relation  between  u  and  V*,V,  ls:  VI 


DISCUSSION 


(5) 


There  is  a  series  of  douMe  roots  in  equation  (4)  and  the  lowest  pair  is  corresponding  to  fundamental  TEu  mode 
and  TEit  mode. 


If  3)  and  at  are  equal ,  the  asymmetric  structure  become  symmetric.  This  condition  yields  ■ 

Ma=*M*=M 

v*=v,=v 

U*  =  Ub  =  U 

Di=Ai  (i=l*2.4«5»7,l0) 

D)==-Aj  (i=3,6,8.9) 

P*=Ps=P.  (i=l~5) 

Then  the  characteristic  equation  (4)  becomes. 

^  ^  (P4P* + P5P1 )  ]^ = (P^P:  -  P=P: )? 

2Ji(u)  A4  Q  Q 

It  can  be  separated  into  two  expressions ; 
mLr,(u)  A1P3  ,  »  P4 

23;(ST“^+*‘ K 

miJ|(u)  _AiP3  ,  ^  Pj 

2J,(u)  A^'^'Pj  ^ 

They  are  the  same  as  those  we  have  derived  in  the  analysis  of  double  circular  groove  guide  with  identical  diame¬ 
ter  and  expressions  (6)  and  (7)  are  for  TEn  mode  and  TEi^  mode  separately.  We  have  proved  that  when  the 
separation  between  two  grooves  trends  infinite,  the  characteristic  equation  of  symmetric  double  circular  groove 
guide  degenerates  to  that  of  single  circular  groove  guide.  While  the  solution  of  characteristic  equation  of  single 
circular  groove  guide  has  been  verified  by  our  experiment.  This  process  indicates  that  the  results  we  have  get  are 
returnable. 
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ABSTRACT 

The  scattering  characteristics  of  Il-VI-epitaxial  layer  on 
lossy  dielectric  substrate  partially  filled  in  rectangular  wave¬ 
guide  are  investigated  by  the  method  which  combines  the  multimode 
network  theory  with  the  rigorous  mode  matching  procedure.  The 
experimental  data  verify  the  accuracy  and  the  effectiveness  of 
the  present  method.  Extensive  numerical  results  are  given  to 
establish  useful  guidelines  for  the  contactless  microwave  measu¬ 
rement  of  the  conductivity  of  the  epitaxial  layer. 

INTRODUCTION 

Recently,  Il-VI-semiconductor  becomes  more  and  more  impor¬ 
tant  in  material  science  and  engineering,  because  of  its  inherent 
advantages  for  applications  in  spectroscopy  with  optical,  in¬ 
frared  and  millimeter  waves.  In  order  to  facilitate  the  studies 
of  this  kind  of  material,  the  measurements  of  its  electric  prope¬ 
rties,  e.g.  conductivity,  are  of  essential  significance.  However, 
conducting  ll-VI-semiconductors  has  always  been  a  problem.  In 
many  cases,  it  is  extremely  difficult  or  even  impossible  to 
obtain  good  ohmic  contacts  to  the  sample.  To  solve  this  problem 
effectively,  reference  [1]  proposed  a  contactless  microwave  brid¬ 
ge  techni(^e  in  X  Band  frequency  range.  This  technique  ends  the 
conductivity  measurement  of  the  semiconductor  to  the  transmission 
coefficient  test  of  the  sample  which  consists  of  the  II-VI- 
epitaxial  layer  on  lossy  dielectric  substrate  segment  inserted  in 
a  rectangular  waveguide.  In  case  of  such  a  consideration,  the 
analysis  of  the  scattering  characteristics  of  the  semiconductor 
sample  is  of  undoubtedly  practical  significance. 

In  this  paper,  an  accurate  and  simple  method  is  presented  to 
determine  the  relationship  theoretically  between  the  conductivity 
of  the  semiconductor  and  the  scattering  parameters  of  the  corres¬ 
ponding  sample  so  that  one  can  read  the  conductivity  of  the  epi¬ 
taxial  layer  from  the  measurement  data  of  the  S-parameters  dire¬ 
ctly.  In  such  a  way,  the  investigation  of  the  semiconductor  pro- 
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parties  becomes  more  efficient  and  convenient.  Since  the  present 
method  combines  the  multimode  network  theory  with  the  rigorous 
mode  matching  procedxire  and  transfers  the  electromagnetic  field 
boundary  value  problem  into  network  analysis  problem  therefore, 
the  whole  calculation  procedure  is  significantly  simplified  while 
still  retaining  the  high  accniracy  of  the  mode  matching  method. 

The  validity  of  the  present  approach  is  justified  by  compa¬ 
risons  of  the  transmission  characteristics  for  different  samples 
between  the  experimental  data  and  theoretical  predictions.  Exten¬ 
sive  numerical  results  about  the  variations  of  the  S-parameters 
with  the  seunple  parameters  are  given  to  establish  useful  guide¬ 
lines  for  the  contactless  microwave  measurement  of  the  semicondu¬ 
ctor  sample. 


BRIEF  DESCRIPTION  OF  THE  METHOD 

Fig.l  shows  the  cross-sections  of  the  semiconductor  discon¬ 
tinuity  structure  under  consideration.  Here,  the  dielectric  con¬ 
stants  of  the  epitaxial  layer  and  the  substrate  are  complex  with 
large  real  and  imaginary  parts.  The  solution  procedure  for  this 
problem  may  be  divided  into  two  steps.  First,  analyze  the  eigen¬ 
value  problem  of  the  empty  and  the  sample  filled  waveguide  respe¬ 
ctively  in  the  transverse  cross-section.  Secondly,  calculate  the 
scattering  characteristics  of  the  discoi.tinuicy  in  the  longitudi¬ 
nal  cross-section.  The  eigenvalues  ai.d  eigenfunctions  for  the 
empty  waveguide  are  well  known,  the  key  point  to  the  eigenvalue 
problem  in  the  first  step  is  the  determination  of  the  eigenvalues 
and  eigenfunctions  in  the  sample  filled  waveguide.  It  is  done  in 
this  paper  with  the  microwave  network  method  in  which  the  elec¬ 
tromagnetic  boundary  value  problem  is  transfered  to  the  impedance 
transformation  in  the  equivalent  transmission  line  network  and 
the  transverse  resonance  technicfue  is  used  to  determine  the 
eigenvalues  then  the  eigenfunctions.  [2]  After  solving  the  eigen¬ 
value  problem  in  the  transverse  cross-section  of  two  waveguides, 
the  second  step  is  carried  out  with  the  method  described  in 
referenc  [3]  in  which  the  mode  matching  procedure  is  treated  as 
the  transformations  of  the  impedances  in  two  sides  of  the  discon¬ 
tinuity  by  introducing  the  coupling  matrix  being  tciken  into 
account  the  coupling  between  different  modes;  also  the  symmetri¬ 
cal  property  of  the  structure  in  longitudinal  cross-section  is 
utilized  to  facilatate  the  calculation  procedure. 

NUMERICAL  RESULTS 

Table  1  presents  a  comparison  of  the  transmission  chara¬ 
cteristics  for  different  samples  between  the  experimental  data 
and  the  theoretical  predictions.  It  can  be  seen  from  the  table 
that  the  agreement  is  very  good  for  S2l,  the  transmission  coeffi¬ 
cients  of  different  samples.  The  reliability  and  the  acciiracy  of 
the  present  method  are  thus  justified. 

Fig. 2  shows  the  S-parameters  versus  the  conductivities  of 
the  epitaxial  layer.  The  definations  of  the  S-parameters  are  as 
follows;  S21=|S2l]exp(j  V^2l) ,  Sll=|sil|exp(j  1^11) .  The  variation 
of  the  curve  is  as  expected,  because  the  conductivity  of  the 
epitaxial  layer  has  a  strong  influence  on  the  field  distribution 
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in  the  waveguide.  For  instance,  when  the  conductivity  is  small, 
say  less  than  15.0  (mhos/cm),  the  dominai.t  mode  in  sample  filled 
waveguide  is  a  propagation  mode,  therefore  in  this  region  |S21j 
Keeps  flat  in  its  maximum  and  reduces  gradually  as  6  increasing. 
When  6  increases  from  15.0  (mhos/cm),  the  dominant  mode  suddenly 
becomes  cutoff  mode;  this  maXes  |S2lj  decrease  rapidly  with  6 
increasing.  As  6  is  further  increased  the  dominant  mode  is  below 
cutoff  deeper  and  deeper  and  finally  the  electromagnitc  fields 
of  the  dominant  mode  approach  to  the  complete  standing  wave  dis¬ 
tribution  in  the  transverse  cross-section  which  is  just  correspo¬ 
nding  to  the  case  that  a  perfect  conductor  is  placed  at  the  posi¬ 
tion  where  the  epitaxial  layer  is  located.  In  this  case,  |S2lj 
reaches  its  minimum  and  is  little  affected  as  6  increasing. 

From  the  curves,  it  is  found  that  the  variations  of  ampli¬ 
tude  and  phase  with  conductivities  for  transmission  coefficient 
and  reflection  coefficient  are  quite  different;  |S21|  and  1^11 
•;re  insensitive  in  high  conductivity  region  whereas  either  |Sllj 
or  ip  21  changes  rapidly  in  the  same  region.  Based  on  this  chara¬ 
cteristics,  it  may  be  suggested  that  it  is  better  to  test  tp  21 
or  jSllj  for  the  epitaxial  layer  with  high  conductivity;  on  the 
contrary,  it  is  recommended  to  test  |S2lj  or  [p  11  for  the  epita¬ 
xial  layer  with  low  conductivity.  More  calculations  were  made  to 
give  the  variations  of  S-parameters  with  frequency  and  with 
thickness  of  the  epitaxial  layer  and  substrate  layer;  they  are 
omitted  here  because  of  the  limited  space  available.  All  these 
numerical  results  are  helpful  to  establish  useful  guidelines  for 
the  contactless  microwave  measurement  of  the  conductivity  of  the 
epitaxial  layer. 
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Fig.l  Cross-sections  of  the  structure  under  consideration. 


Table  l.  Comparison  of  the  S21  for  different  samples  between  the 
experimental  data  and  the  theoretical  predictions  6  (mhos /cm) 


sample 

jS2ll  (dB) 

(/7  21  (degree) 

test 

theory 

test 

theory 

CMT78(  S  =  9.0  ) 

-3.25 

-3.33 

-63.2 

-63.75 

CMT76(  6  =  38.5  ) 

-5.30 

-5.19 

-56-2 

-55.77 

Q154  (6  =  67.0  ) 

-8.90 

-9.44 

-28.2 

-27.41 

Q114  (  6  510.0) 

-10.65 

-10.28 

BB 

39.22 

Q107  (6  =1107.0) 

-10.50 

-10.47 

36.8 

38.74 

Q105  ( 6  =1470.0) 

-10.90 

-10-32 

31.8 

38.32 

_ 

Fig. 2  Variations  of  S21  with  epitaxial  layer  conductivity. 
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RESEARCH  PROGRESS  IN  GROOVE  NRD  WAVEGUIDES 
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ABSTRACT 

In  this  paper,  a  brief  review  of  the  research  progress  in  groove  NRD  (GNRD)  waveguide  is 
given.  GNRD  s.ructure  proposed  by  the  anthorsisan  improved  one  of  NRD  wavegnide.  Up 
.0  the  present,  the  dispersion  characteristica  of  GNRD  wavegnide,  theconpling  propenies 
of  coupled  GNRD  waveguides  with  equal  or  unequal  groove  sixes,  the  radiation  properties 
of  GNRD  leaky-wave  antenna  and  the  rejection  properties  of  the  step  dtscontinnity  in 
GNRD  waveguides  have  been  studied  by  several  methods.  Some  samples  based  on  GNRD 
structure  were  constructed,  calculated  and  tested.  Their  theoretical  and  experimental  data 
are  agreement  with  each  other,  and  show  an  attractive  prospect  for  application. 

INTRODUCTION 

In  the  past  decade,  the  NoaRadiative  Dielectric  (NRD)  waveguide  (Fig.la)  proposed  by 
Yoneyama  and  Nishidal'l  have  been  studied  systematicallyand  applied  to  constructing  the 
passive  components  and  active  circuhs  in  millimeter  waves.  The  electromagnetic  energy 
in  the  cross-section  of  NRD  is  concentrated  inside  and  around  the  dielectric  strip  without 
radiation.  An  alternative  structure  of  the  NonRadiative  Groove  (NRG)  waveguide  (Fig.lb) 
had  been  suggested  by  Lamparielloand  Olinerf*!.  However,  a  practical  difficnity  exists  for 
assembling  the  NRD  with  precise  location  of  strip  or  the  NRG  with  accurate  separation 
of  groove  plates  this  geometric  deviation  will  infiuence  sensitively  to  the  performances  of 
directional  coupler  and  leaky-wave  antenna. 

For  overcoming  the  assembling  difficult,  a  new  structure  of  Groove  NRD  (GNRD)  was 
proposed  (Fig.lc)  by  the  authorsi^i,  which  the  gap  between  two  coupled  strips  and  the 
distance  from  the  strip  to  leaky  aperture  can  be  5xed  very  precisely.  Besides,  both  the 
dispersion  of  transmission  or  coupling,  and  the  coupling  or  leaking  coefficient  are  weaker 
than  that  of  the  conventional  NRD,  since  the  energy  is  more  concentrated  inside  the 
dielectric  region  filling  the  grooves.  Nevertheless, the  GNRD,  as  like  as  the  NRC^  requires 
rigorous  symmetry  of  the  grooves  cut  on  the  p late- pair^  This  is  trouble  for  fabricating 
an  integrated  circuit  consisted  of  several  GNRD  components.  Another  new  structure  of 
Mono-Groove  NRD  (MGNRD)  then  was  sugg^ted  (Fig.ld)  by  the  anthors^^i,  in  which 
only  one  plate  is  cut  a  groove.  Both  the  GNRD  and  MGNRD  have  been  anal)*ed,  tested 
and  applied  to  the  directional  couplers  and  leaky-wave  antennas  in  the  imm  waveband.  By 
the  comparison  of  major  characteristics,  the  GNRD  is  better  than  the  NRD;  the  MGNRD 
is  equivalent  to  the  GNRD,  but  should  be  taken  much  care  in  design  for  suppressing  the 
spurious  radiative  mode  due  to  the  nonsymmeirj. 

ANALYSES 


The  transverse  resonance  method  (TRM)  based  on  the  transverse  equivalent  circuits 


(Fig.2)  had  beea  used  for  aaalyiiBg^®*^'*'*'^! : 

1.  The  disperaion  characteristic  of  dominant  TA/f]  mode  in  the  GNRD  and  MGNRD 
vavegnides  (Fig.3); 

2.  The  dispersion  characteristic  and  conpling  coefficient  of  the  conpled  GNRD  and 
MGNRD  waveguides  {Fig.4); 

3.  The  dispersion  characteristic  and  leaking  coefficient  of  hybrid  HE^i  mode  in  the  GNRD 
antenna  (Fig.5); 

The  TRM  is  a  simple  and  effective  method,  once  the  eqnrvaient  parameters  of  the  steps  of 
groove  for  the  wavegnide,  or  the  odd-/even-  mode  equivalent  parameters  for  the  conpled 
wavegnides,  or  the  conpling  between  the  components  of  hybrid  mode  TMti  and  T Eh  and 
the  radiation  immittancesof  these  mode  components  at  the  leaky  apertnre  for  the  antenna 
are  formulated  individnally  But  only  the  coupling  of  dominant  mode  between  the  step- 
pair  of  groove  is  taken  into  account,  which  results  in  a  limitation  of  analysis  accuracy  to 
the  engineering  permission. 

An  exact  full*wave  analysis,  based  on  the  eigen -weighted  boundary  integral  equation 
method  (EW-BIEM)  contributed  by  the  authors  tool*>^,  have  been  applied  to  the  GNRD 
wavegnide,  a  more  accurate  dispersion  curve  and  the  single-mode  operation  bandwidth 
(Fig.6)  of  the  GNRD  wavf^guide  were  given  The  further  application  of  the  EW- 

BIEM  to  some  distorted  GNRD  wavegnides  are  just  in  programming. 

In  order  to  extend  the  bandwidth  of  directional  coupler  constructed  from  the  GNRD 
waveguides,  a  nonsymmetric  design  scheme  using  two  GNRD  wavegnides  with  different 
sizes  was  proposed,  and  then  analysed  by  means  of  hybrid-mode  transverse  resonance 
methodi**!.  The  theoretical  bandwidth  in  8mm  band  excesses 4GHz  (Fig.7). 

For  analysing  and  designing  a  good  transducer  from  NRD  to  GNRD  structures,  the  step 
discontinuity  met  in  this  transducer,  or  served  as  an  element  of  GNRD  filter,  should  be 
studied  and  calcnlated.  This  three  dimensional  problem  have  been  programming  baaed 
on  a  combination  of  resonator  principle  with  mode-matching  method;  it  will  be  published 
later. 

EXPERIMENTS 

For  the  purpose  of  checking  the  analytical  results  and  promoting  the  practical  appli¬ 
cation,  various  experimental  samples  in  the  8mm  waveband  were  designed,  fabricated  and 
tested.  The  following  characteristics  and  performances  had  been  tested: 

1.  The  dispersion  carves  p[f)  of  GNRD  and  MGNRD  wavegnides  with  different  groove 
sizes,  the  tested  data  are  in  good  agreement  with  the  analytical  results; 

2.  The  disperaion  curves  p[J)  and  coupling  coefficient  C[J)  of  GNRD  and  MGNRD 
directionalcouplers  constructed  from  two  parallel  or  oppositely  arched  waveguides,  slightly 
narrow  bandwidth  of  the  directional  conplersifFig.S)  due  to  the  discontinuities  of  the 
junctions  in  waveguide^; 

3.  The  dispersion  carves  j9(/)  of  GNRD  antennas,  and  their  radiation  patterns  in  the 
E-plane,  a  little  deviation  cff  beam  direction  of  the  antennas  exists  (Fig.9)  due  to  the 
mismatch  of  termination, 
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CONCLUSIONS 


SnmmariEug  the  resolts  of  theoretkai  and  experimeital  stidies,  aome  coicluiois  are 
ohvioas  aad  ^alsable: 

1.  The  3iBgle<mode  operatbn  bandwidth  of  GNRD  guide  is  broader  than  that  of  NRD 
about  6%; 

2.  The  leaking  coefficient  of  GNRD  antenna  is  obviosaly  less  than  that  cf  NRD,  which  is  of 
benefit  to  increase  the  aperture  efficiency  and  to  enlarge  the  geometric  length  of  apertire, 
and  finally  to  improve  the  radiation  pattern;  bat  decreases  the  antenna  efficiency  for  a 
relatively  shorter  apertnre  with  a  absorbing  l^d; 

3.  The  weaker  dispersion  of  GNRD  antenna  corresponds  to  a  weaker  sensitivi^  and  less 
range  of  freqnency-scanning; 

4.  The  difference  between  odd-/even'  mode  phase  constants  of  GNRD  conpler  is  less  than 
that  of  NRD  conpler,  so  a  smaller  gap  between  the  conpled  strips  is  permissibie,  which 
can  result  in  a  strong  coupling.  But  the  coupling  coefficient  of  GNRD  is  weaker  and  its 
fre4aency  response  is  relatively  fiater  than  that  of  NRD  with  the  same  gap; 

5.  A  constructed  from  two  nonsymmetrical  GNRD  waveguides  directional  coupler  may 
obviously  improve  the  flatness  of  coupling. 
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(c)  GNRD  kiky-wxn  ittau 

Fig.2  Eqarnlent  circaiti  of  GNBO  •tradaia  for  truavene  resonance  method 
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rig.4  DUpenion  characteriatia  and  coapling  coefficient  of  the  coapled  parallel  GNRD  irave«aides 
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Abstract 

Design  of  the  millimeter-wave  broadside 
gap-coupled  suspended  substrate  stripline  (SSS) 
bandpass  filter  is  presented.  The  filter  consists  of 
the  broadside  gap-coupled  half-wavelength  SSS 
resonators  arranged  in  a  non-colinear  fashion. 
Such  arrangement  makes  the  filter  more  flexible 
to  interface  with  other  millimeter-wave  circuits 
in  a  communication  system.  A  Ka-band  com¬ 
pressed-length  seven  -resonator  bandpass  filter 
is  presented  as  an  example  to  demonstrate  the 
design  concept.  The  measured  characteristics  of 
this  compressed-length  filter  show  about  1.4  dB 
insertion  loss  and  greater  than  10  dB  return  loss 
in  the  passband. 

I.  Introduction 

Increasing  progress  in  millimeter-wave 
system  for  communication,  radar  and  radiometry 
has  created  the  need  for  compact  size,  low-cost, 
high-performance  filter  utilizing  quasi-planar 
printed-circuit  components  [1,2,3].  Fin-line  and 
suspended  substrate  stripline  (SSS)  are  the 
commonly  used  quasi-planar  components  for  the 
millimeter-wave  filters  [1]  because  of  their  low 
attenuation  and  low  dispersion  in  the  frequency 
of  interest.  The  SSS  is  less  dispersive  and  can 
provide  a  stronger  coupling  between  the  resona¬ 
tors  by  using  the  broadside-coupling  striplines 
than  the  fin-line  [4],  so  that  the  SSS  is  more 
suitable  than  the  fin-line  for  realizing  a 
millimeter-wave  broadband  filter  design. 

Recently,  a  19-25  GHz  broadside-end- 
coupled  SSS  filter  [5]  is  proposed  for  obtaining 
approximately  30%  fractional  bandwidth.  The 
physical  layout  and  cross-sectional  view  of  such 


Fig,  l  (a)  Physical  layout  and  cross-seaionat  view  of  a 
broadside^end-coupled  bandpass  filter  printed  on  a 
suspended  substrate.  Note  that  the  resonators  located  at 
z=h,  and  7=h,+h,are  plotted  by  dashed  lines  and  solid 
lines,  rcspeaively.  (b)  Physical  layout  and  cross-seaional 
view  of  a  compressed-length  broadside-gap-coupled 
bandpass  filter  printed  on  both  side  of  a  suspended 
substrate,  (c)  Equivalent  circuit  representation  of  resona¬ 
tors  R,,  Ry  Rj  and  R^  in  Fig.  1  (b). 


filter  are  shown  in  Fig.  1  (a).  The  resonators  are 
located  at  both  sides  of  the  suspended  substrate 
and  arranged  in  a  colinear  configuration.  In  this 
paper,  we  will  present  a  different  layout  tech¬ 
niques  using  the  concept  of  the  broadside  gap 
coupling  of  the  adjacent  resonators  arranged  in 
a  non-colinear  fashion  and  demonstrate  its  use 
at  the  millimeter-wave  frequencies.  The  new 
filter  configuration  makes  the  filter  more  flexible 
to  interface  with  other  millimeter-wave  circuit  in 
a  communication  system  or  subsystem.  For 
example,  a  compressed-length  construction 
scheme  of  such  filter  results  in  a  reduced  length 
of  (lj-(-l,+lj+2W)  between  the  input  and  output 
ports  shown  in  Fig.  1  (b),  which  is  only  approxi¬ 
mately  one-third  of  (21,+1,+ — hi,)  for  the 
colinear  broadside-end-coupled  fflter  shown  in 
Fig.  1  (a).  However  the  filter  is  also  complicated 
in  shape.  Thus  an  accurate  theoretic  design  is 
required  to  avoid  the  difficult  task  of  physical 
fine  tuning.  In  Section  11,  a  discontinuity  param¬ 
eters  de-embedding  procedure  based  on  the 
three-dimensional  spectral-domain-approach 
(SDA)  method  is  used  to  determine  the  equiva¬ 
lent  circuit  of  the  discontinuities  associated  with 
the  filter.  Once  the  parameters  of  the  equivalent 
circuit  of  discontinuities  are  determined,  the 
conventional  filter  synthesis  technique  [6]  is 
invoked  to  determine  the  physical  layout  of  the 
filter.  The  physical  realization  of  the  com¬ 
pressed-length  filter  and  comparison  between 
the  theoretic  and  measured  filter  responses  will 
be  shown  in  Section  HI. 

II.  Description  of  the  Ka-band  compressed - 
length  seven-resonator  broadside-gap-coupied 
bandpass  filter  prototype. 

A.  The  new  filter  configuration 

Fig.  1  (b)  shows  the  physical  layout  and  the 
cross-sectional  view  of  a  compressed-length 
broadside-gap-coupled  bandpass  filter  employ¬ 
ing  both  colinear  and  90°-bent  broadside-gap- 
coupied  resonators.  The  corresponding  seven 
resonators  are  designated  by  R,,  R,,— ,  and  R,. 
The  resonators  represented  by  solid  and  dashed 
lines  are  located  at  z=h,+h,  and  z=h,,  respec¬ 
tively.  The  input  SSS  and  resonator  R,  are 


placed  in  a  colinear  broadside-end-coupled 
configuration.  Resonators  R,  (R^  and  R,  (R,) 
are  arranged  in  a  90°-bent  broadside-gap^ou- 
pled  fashion.  Resonators  R,  (RJ  and  R^  (R^  are 
also  realized  by  the  colinear  broadside  gap- 
coupled  resonators.  Since  the  filter  is  a  !^- 
metrical  design,  resonators  R^  R^  R,  and  the 
output  SSS  are  placed  in  a  manner  same  as  that 
of  the  resonators  R, ,  R,,  R,  and  input  SSS. 

The  equivalent  circuit  representation  of  R,, 
Rj,  R,  and  R^  is  shown  in  Fig.  1  (c).  The  and 
B^,  for  i=  1, 2, 3, 4,  are  the  series  and  parallel 
susceptances  of  the  equivalent  ^-circuit,  which 
are  associated  with  the  discontinuities  between 
resonator  R ,  and  R. 

B.  De-embedding  of  the  discontinuity  parameters 

The  discontinuity  parameters  illustrated  in 
Fig.  1(c)  are  obtained  by  the  variational  tech¬ 
nique  based  on  the  three-dimensional  quasi- 
TEM  SDA  [5].  The  unknown  charge  distribu¬ 
tions  on  the  resonator  are  expanded  by  a  set  of 
two-dimensional  SDA  basis  functions  reported 
in  [7].  The  values  of  B  Jot  and  B  Ja)  against  the 
overlapping  distance  D  of  the  adjacent  resona¬ 
tors  are  plotted  in  Fig.  2  (a)  and  (b),  respec¬ 
tively.  The  discontinuity  parameters  associated 
with  the  colinear  broadside-end  coupled  and  the 
90°-bent  broadside-gap  coupled  structures  are 
represented  by  solid  lines  and  dotted  lines  in  Fig. 
2,  respectively.  When  D  is  positive,  the  adjacent 
resonators  are  overlapped  each  other  as  shown 
in  Fig.  1(b).  Where  the  overlapping  region  of  the 
90°-bent  broadside-gap-coupied  is  assumed  to 
be  square  in  shape  with  in  size.  When  D.  is 
negative,  there  is  no  overlapping  region  de^ed. 
Instead  the  adjacent  resonators  are  separated 
each  other,  the  shortest  distance  of  the  two 
resonators  projected  in  x-y  plane  is  |  DJ  and  \/2 
fD.  I  for  the  colinear  and  90“-bent  broadside-  ~ 
gap-coupled  structures,  respectively.  The  other 
structural  parameters  associated  with  the 
discontinuities  are  also  given  in  Fig.  2.  Although 
the  value  of  BJu)  and  BJo)  of  the  broadside-gap- 
coupled  resonators  are  obtained  based  on  quasi- 
TEM  approximation,  it  will  be  shown  in  the 
experimental  result  that  they  are  insensitive  to 
frequency  variations  for  the  given  dimensions  of 
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Fig.  2  (a)  Series  susceptances  (Bjw)  of  the  colinear  and 
90“-bem  broadside-gap-coupled  discontinuities  as  func¬ 
tions  of  the  overlapping  distance  O,.  (b)  Parallel 
susceptances  (B^w)  of  the  colinear  and  90°-bent  broad- 
side-gap-GOupled  discontinuities  versus  the  overlapping 
distance  D- 


the  broadside  gap-coupled  discontinuities  and 
the  midband  frequency  of  the  filter. 


m.  Measured  and  Theoretic  Results 


To  verify  the  design  concept,  a  32-to-38 
GHz  compressed-length  broadside-gap-coupled 
bandpass  filter  is  built  and  tested.  The  photo¬ 
graph  of  the  prototype  is  shown  in  Fig.  3.  This 
prototype  is  printed  on  a  10  mils  RT/5880 
Duroid  substrate  with  dielectric  constant  of  2.2. 
The  structural  parameters  associated  with  filter  ‘ 
are  also  given  in  Fig.3.  Note  that  the  prototype  is 
fabricated  without  any  adjustment  or  physical 
fine  tuning.  The  well-known  SSS  to  rectangular 
waveguide  transitions  [2]  are  adopted  to  inte¬ 
grate  the  filter  with  waveguide  input  and  output. 

The  measured  and  theoretic  filter  re¬ 
sponses  are  superimposed  i-  Fig.  4.  The  theo¬ 
retic  filter  responses  are  r  jtained  by  providing 
Touchstone™  microwave  circuit  simulator  with 


Fig.  3  Photograph  of  a  32-38  GHz  compressed-iength 
broadside  gap-coupled  bandpass  filter  prototype.  Struc¬ 
tural  parameters  associated  with  the  prototype  circuit  are 
h,=h,=0.57mtn,  h,=0.254mm,  £^=2.2,  W=0.66nmt, 
I.=l7=3.03mm,  l,=lj=3.17mm,  1, =15=3.21  mm, 
l^=3.23mm,  D,=D,=0.27mm,  D,=D,=0.06mm, 
Dj=Dj=-0.02mm,  D5=D5=-0.22mm. 

the  discontinuity  parameters  of  Fig.2.  the  physi¬ 
cal  length  of  the  resonators  and  the  propagation 
and  attenuation  constants  of  the  SSS  with  con¬ 
sidering  the  conductor  loss  [7].  The  theoretic 
filter  characteristics  are  represented  by  dotted 
lines.  The  measured  filter  characteristics  includ¬ 
ing  the  effect  of  the  SSS  to  waveguide  transitions 
are  plotted  by  solid  lines  in  Fig.  4.  Due  to  a  small 
shift  between  the  fi-ont  and  back  side  circuit 
pattern,  the  first  transmission  zero  of  the  filter  is 
shifted  from  32.0  GHz  to  31.3  GHz  and  the 
prototype  suffers  approximately  5  dB  ripple 
between  31.3  and  32.2  GHz.  Nevertheless,  the 
measured  results  are  very  close  to  the  theoretic 
predictions  and  show  about  1.4  dB  insertion  loss 


Fig.4  Theoretic  charaacristics  and  measured  performance 
of  the  compressed-length  bandpass  filter  shown  in  Fig.  3. 
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and  greater  than  10  dB  return  loss  between  32.2 
GHz  and  38.0  GHz. 

rv.  Conclusions 

A  new  technique  for  constructing  the 
millimeter-wave  bandpass  fQter  based  on  the 
concept  of  colinear  or  non-colinear  broadside- 
gap-coupling  of  the  adjacent  resonators  is  pre¬ 
sented.  The  measured  performances  of  a  32-38 
GHz  compressed-length  seven-resonator 
bandpass  filter  prototype  are  close  to  the  theo¬ 
retic  filter  responses.  experimental  result 
also  indicates  the  validity  of  the  quasi-TEM 
analysis  of  the  broadside-gap-coupled 
discontinuities  even  for  very  high  frequencies. 
TTie  descnbed  design  procedure  with  the  aid  of 
the  rigorous  field  theoretic  analysis  is  very  suit¬ 
able  for  millimeter-wave  and  microwave  inte¬ 
grated  circuit  process. 
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Summary 

This  paper  extends  a  previous  ICMWFT'90  paper  thru  reviews  of  recent  developments  in 
•niUimeter  wave  radar  as  reflected  in  newly  published  papers  on  both  millimeter  wave  sur¬ 
veys  and  millimeter  wave  radar  applications.  It  is  hoped  this  paper  has  chronicled  progress 
in  the  developing  millimeter  wave  radar  art.  Initially  the  very  great  progress  was  fueled  by 
rapid  advances  in  millimeter  wave  technology.  Now  new  millimeter  wave  applications  are 
oeing  investigated  emd  previously  developed  applications  continue  to  be  refined. 

Introduction 

For  over  fifteen  years  this  author  has  periodical'y  presented  surveys  of  millimeter  wave 
radar.  A  paper  presented  at  the  first  international  Conference  on  Millimeter  Wave  and  Far- 
Infrared  Technology  (1CMWFT*90}  [l]  addressed  rr.inv  topics  including  millimeter  wave  radar 
frequencies,  why  millimeter  wave  radar,  possible  miliimeter  wave  radar  applications,  and  dis¬ 
cussion  of  recent;  Le,  up  to  1989  civilian  and  military  K  -Band  amd  millimeter  wave  radars. 
Its  accompanying  bibliography  of  over  100  entries  presented  copious  references  including 
earlier  miUimeter  wave  radar  survey  papers  and  books.  In  the  interest  of  brevity  new  read¬ 
ers  are  encouraged  to  consult  that  reference  for  backgrotind  information  on  these  topics. 
The  bibliography  presented  here  is  much  shorter  than  that  of  the  ICMWFT'90  paper  since 
page  limitations  for  this  Digest  generally  constrain  this  paper  to  the  period  of  1989-1991 
except  in  special  cases.  In  the  space  available  the  references  cited  will  only  briefly  men¬ 
tioned.  More  extensive  treatment  of  the  references,  together  with  further  references  will  be 
given  in  the  conference  presentation.  In  compliance  with  the  new  definition  of  millimeter 
wave  radar  in  the  revision  of  IEEE  STD  686,  'IEEE  Standard  Radar  Definitions"  which  indi¬ 
cates  that  MMW  rad^ure  operate  at  frequencies  of  30-300  GHz  (wavelengths  of  10-1  mm  re¬ 
spectively),  separate  delineation  of  K  -Band  radars  will  not  be  made  in  this  paper. 

Although  this  paper  will  address  millimeter  wave  radar  systems  many  millimeter  wave 
survey  papers  discuss  both  millimeter  wave  technology:  e.g.,  sources,  detectors,  etc,  and 
other  millimeter  wave  applications,  especially  communications.  The  British  authored  paper  by 
Olver  [2],  the  U.S.  authored  paper  by  Wiltse  [4],  and  the  Australian  authored  paper  by  Fouri^ 
[5]  are  general  millimeter  wave  survey  papers  while  the  paper  by  Klien  [3]  considered  only 
millimeter  wave  radar.  The  three  cited  general  millimeter  wave  survey  papers  by  authors 
from  three  different  countries  present  interesting  contrasts.  The  radar  papers  cited  herein 
win  be  discussed  in  two  groups,  civilian  applications  and  military  applications. 

Contemporary  Civilian  Milliraeter  Wave  Radar  Applications 

Mos’  of  the  contemporary  civilian  millimeter  wave  radar  activity  closely  follows  that 
[vjporrc  1  previously  [l].  Detlefsen  [6]  discussed  application  of  millimeter  wave  radar  for  short 
range  civilian  applications  in  an  excellent  paper  presented  at  ClCR-91  in  Beijing  last  year. 
All  his  applications  involved  use  of  homodyne  principles.  Since  those  civilian  applications  are 
for  short  range  systems,  the  resulting  equipments  will  be  very  small  in  size.  Very  likely 
quite  Significant  numbers  of  such  equipments  are  to  be  anticipated.  Even  so,  such  substantial 
production  is  unlikely  to  have  a  significant  impact  on  general  millimeter  wave  component 
manufacture.  Cu»  ently,  automobile  braking  seems  to  be  dormant  in  the  United  States. 


Helicopter  borne  wire  avoidance  millimeter  wave  radars  previously  reported  seem  to 
have  a  mixed  situation.  In  Beijing  last  year  an  individual  from  the  developer  of  the  French 
Romeo  radar  informally  indicated  that  this  W-Band  radar  is  about  thru  with  evaluation  and 
should  enter  production  shortly.  In  contrast,  the  widely  described  German  V-Band  60  GHz 
wire  avoidance  radar  has  received  very  little  publicity  in  the  technical  press  recently. 


MiHimeter  wave  meteorological  radars  continue  to  be  used  as  one-of-a-kind  research 
tools.  Survey  of  these  special  radars  was  presented  at  another  conference  [7].  Mead  [6j  re¬ 
ported  observations  of  clouds  and  fog  with  a  1,4  mm  MMW  radar.  In  other  civilian  applica¬ 
tions,  Hadcock  and  Ulbay  [9]  described  a  140  GHz  scatterometer  system  and  presented  meas¬ 
urements  of  terrain.  Sekine  et  al  [10]  reported  observations  of  ground  clutter  with  a  millime¬ 
ter  wave  radar.  Havashi  et  al  (11  ]  studied  recognition  of  a  vessel's  shape  by  millimeter  wave 
radar  presumably  for  civilian  applications.  Interestingly,  the  paper  abstract  does  not  indicate 
the  technique  which  was  used  for  target  recognition  other  than  that  a  millimeter  wave  radar 
was  used  to  observe  echoes  from  a  car  carrier  ship  and  those  received  from  clutter.  Appar¬ 
ently  work  was  not  done  to  evaluate  the  concept  on  other  vessels  such  as  tankers,  freight¬ 
ers,  etc.  Military  sponsored  millimeter  wave  target  recognition  work  will  be  discussed  in  a 
subsequent  section  of  this  paper.  The  paper  by  Ni  Yanghua  presented  at  CICR-91  [12]  de¬ 
scribed  a  millimeter  wave  sensor  at  K^-Band  for  airborne  remote  sensing. 

The  ICMWFT'90  paper  [1]  described  a  space  borne  millimeter  wave  debris  tracking  radar. 
Further  pacers  by  the  same  group  have  been  oublished  on  their  concept.  In  the  land  based 
civilian  space  area,  the  previously  reported  JPL  proposed  interplanetary  K^-Band  gyrokly- 
stron  transmitter  is  now  joined  bv  a  study  of  the  application  of  a  free  electron  Laser  land 
based  bistatic  radar  for  imaging  of  a  satellite  in  geosynchronous  orbit  [13].  A  satellite  in  low 
earth  orbit  would  contain  the  radar  receiver.  The  receiver  satellite  would  be  tracked  by  an 
auxiliary  ground  based  system  which  would  also  handle  relay  of  the  satellite  receiver  signal. 

Contemporary  Military  Millimeter  Wave  Radars 

Knowledge  of  both  target  radar  cross  section  and  clutter  characteristics  are  of  para¬ 
mount  Importance  in  the  design  of  military  radars  at  any  operating  frequency.  Extensive 
work  on  these  two  topics  were  reported  in  the  ICMWFT’90  paper.  Lawner  et  al  [14]  described 
a  coherent  FM-CW  millimeter  wave  radar  system  for  radar  cross  section  measurements. 
Bledger  et  al  [15]  described  FLASHLIGHT,  a  three  dimensional  millimeter  wave  imaging  radar 
for  radar  cross  section  measurements.  Robertson  et  al  [16]  described  a  K  -Band  instrumenta¬ 
tion  radcir  with  a  one  foot  resolution  at  NATR  AD-1991.  Millimeter  wave  bracking  radars  are 
frequently  used  to  obtain  radar  cross  section  and  clutter  measurements  under  dynamic  condi¬ 
tions  as  well  as  for  use  in  millimeter  wave  systems. 

Li  JlUang  and  Xie  Zhang  [17]  described  a  dual  band  experimental  radar  in  a  new  Chinese 
technical  journal.  Although  dual  band  millimeter  wave  tracking  radars  have  existed  for  many 
years,  e.g.,  the  U.S.  NRL  TRAKX  and  the  HolLandse  Sienaalapparatan  FLYCATCHER  militar- 
y  radar  [1],  the  Chinese  radar  is  novel  in  that  it  operates  in  K  -  and  K  -Bands  in  contrast  to 
the  usual  X  and  K  band  combination.  Although  J£  -Band  is  f^ly  close  to  X-Band,  the  lat¬ 
ter  is  more  established  and  has  better  performance  Hhan  the  former  frequency.  Other  combi¬ 
nations  such  as  X/W  (i.e.  95  GHz)  MMW/IR  and  MMW/EO  have  been  explored  as  dual  band 
millimeter  wave  systems.  Grevins  et  al  [18]  described  a  millimeter  wave  monopulse  radar  for 
target  tracking  with  a  new  antenna  concept.  Oderlzind  et  al  [19]  described  the  EAGLE  K  - 
Band  tracking  radar  at  RADAR-90.  It  is  proposed  to  accomplish  non  cooperative  target  re¬ 
cognition  (NCTR)  with  the  high  resolution  mode  of  this  radar.  Archdale  [20]  proposed  use  of 
a  millimeter  wave  pod  mounted  airborne  radar  operating  at  W-Band  as  a  target  acquisition 
system  (TAS).  It  uses  an  Extended  Interaction  Amplifier  (ElA)  to  achieve  a  peak  power  out¬ 
put  of  l.l  kW  with  a  duty  cycle  of  0.004  and  a  saturated  gain  of  45  dB. 


In  other  contemporary  military  applications  of  millimeter  wave  radar,  Guang  jin  Zhang 
et  al  [21]  at  this  conference  describe  application  of  millimeter  wave  radar  for  trajectory 
measurement  of  guns.  This  will  be  recognized  as  use  of  millimeter  wave  radar  as  a  research 


tool  rather  than  in  a  militeuy  system.  Here  a  small  solid  state  radar  is  used  for  both  interior 
ballistics  measurements;  i.e.,  within  the  gun.  Measurements  were  made  with  balls  in  the  5.3 
mm  rifle,  7.62  mm  sub-machine  gun.  and  14.5  mm  antiaircraft  artillery.  Resulting  Doppler 
waveforms  were  stored  for  subsequent  comparison  %rtth  theoretical  computations.  Exterior 
trajectory  measurements  were  also  made  wilii  a  4.5  mm  gas  gun,  7.62  mm  rifle,  and  14.5  mm 
ar.tlaircraft  artillery.  According  to  measured  data  the  ratio  of  radar  active  distance  to  pro¬ 
jectile  ball  diameter  exceeded  a  ratio  of  9000.  Unfortunately  that  paper  has  no  references. 


St<mder  [22]  proposed  application  of  millimeter  waves  to  the  detection  of  Stealth  air¬ 
craft,  but  did  not  present  analysis  to  support  his  proposal.  Clearly,  further  study  of  this  con¬ 
cept  is  required.  Most  of  the  paper  addr^sed  structures  and  materials  aspects  in  consonance 
with  the  author's  principal  field  of  experience.  Millimeter  wave  radars  are  edso  being  consid¬ 
ered  for  several  military  sjrstems;  e.g..  Maverick  and  Longbow  [4,23]  as  examples  of  the 
MMIC  (Millimeter  wave  Monolithic  Integrated  Circuit)  insertion  program. 


As  indicated  above  dual  band/dual  mode  millimeter  wave  sensors  with  IR  have  been  ex¬ 
tensively  described  previously  [ij.  Benzer  et  al  [24]  presented  their  recent  work  on  a  6  inch 
common  aperture  W-Band  radar  and  a  passive  3  to  5  urn  IR  imager.  Intended  application  is 
an  air  to  ground  missile  system.  The  paper  has  extensive  technical  details  including  test  re¬ 
sults  of  a  functional  breadboard  system.  In  a  similar  activity  Pnitzer  et  al  [25]  described  a 
high  resolution  airborne  multisensor  system.  It  is  an  aircraft  based  system  consisting  of  for¬ 
ward-looking  and  downward-looking  sensor  suites.  Sensor  suites  which  were  evaluated  in¬ 
clude  CO^  euid  near  IR  laser  radars,  long  wave  passive  IR  systems  extending  to  12  urn,  and 
an  85.5  Ghz  millimeter  wave  radar.  This  is  a  test  bed  for  data  collection.  Extensive  techni¬ 
cal  data  and  test  results  were  presented.  It  should  be  noted  that  the  millimeter  wave  fre¬ 
quency  used  was  not  allocated  by  WARC-79  for  millimeter  wave  radar  systems  [1], 


In  looking  at  all  the  contemporary  milUmeter  wave  radars  reported  herein  there  is  an 
inverse  relation  between  the  extent  of  the  work  reported  and  the  radar  frequency  used;  viz, 
there  is  very  extensive  work  at  K  -Band,  extensive  work  at  W-Band,  a  little  at  140  GHz, 
and  only  one  paper  at  225  GHz.  T^e  paper  by  McMillan  et  al  [26]  described  an  experimental 
225  GHz  pulsed  coherent  radar.  Its  intended  application  is  back^attering  measurements  from 
surfaces  and  materials  at  this  frequency.  This  work  has  been  reported  previously  [l],  but  it  is 
still  noteworthy  since  its  use  of  optics  techniques  for  the  polarizer  (beam  spUtter),  antenna 
lens,  and  mirror  scanner  illustrate  the  transition  from  conventional  microwave  techniques  to 
optics  as  the  submiUimeter  wave  region  is  approached.  Extensive  technical  details  of  the 
equipment  are  given  in  the  paper.  It  is  recognized  that  the  specific  frequency  used  was  de¬ 
termined  by  the  availability  of  the  transmitter  Extended  Interaction  Oscillator  (EIO)  availa¬ 
ble,  but  it  should  be  noted  that  this  frequency  was  not  allocated  by  WARC-79  for  radar  sys¬ 
tem  application.  Frequency  regions  of  231-235  and  233-241  GHz  were  allocated  for  SEC¬ 
ONDARY  radar  use  while  241-248  GHz  was  2dlocated  for  PRIMARY  radar  application. 


The  last  contemporary  millimeter  wave  radar  topic  to  be  discussed  stems  from  the  paper 
by  jin  Xuan  Gong  at  this  conference  [27].  JThe  topic  of  millimeter  wave  ECM  (Electronic 
Countermeasures)  (more  correctly  EW;  i.e.,  EWctronic  Warfare)  is  actually  a  natural  progres¬ 
sion  from  EW  ai  microwave  frequencies.  Millimeter  wave  frequencies  are  a  powerful  ECCM 
against  miUirceter  wave  ECM.  As  Jin  points  out,  ECM  can  be  used  against  millimeter  wave 
radars.  Millimeter  wave  radar  ECCM  was  mentioned  in  the  ICMWFT'90  paper  cited  above  but 
it  only  briefly  mentioned  increased  immunity  of  millimeter  wave  radar  to  hostile  interfer¬ 
ence  with  little  explanation.  This  topic  was  addressed  more  fully  in  two  papers  [28,29]  which 
wen?  not  cit-^d  in  the  ICMWFT'90  paper.  Thus  the  Jin  paper  warrants  further  study. 

Concluding  Remarks 

As  this  paper  indicates.  Millimeter  Wave  Radar  is  sttU  a  very  active  field.  Although  mHi- 
tary  K  -Band  radars  continue  to  find  tactical  employment,  cturent  monetary  constraints 
probably  will  not  permit  production  and  tactical  employment  of  W-Band  missile  radars  at  the 
present  time.  Even  so,  development  of  such  systems  is  expected  to  continue. 
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ABSTRACT 

Tn  this  paper,  the  communication  system  and  electrical  wave  propagation  measurement  system 
have  been  researched  and  made  at  W  band  using  direct-modulation  method,  which  has  some 
dirstinctivc  advantage,  simple  circuit,  low  cost  and  high  reliability.Tt  is  the  communication  system 
compatible  with  electrical  wave  propagation  measurement  system.The  measurement  date  are  sam¬ 
pled  by  automated  sampler,  as  measurements  of  propagation  attenuation  and  cross— polarization . 

INTRODUCTION 

Millimeter  wave  communication  systems  involve  the  transfer  of  information  between  a  source  and  a 
user.  Modulation  method  has  been  used  direct— modulation  and  intermediate  frequency  modula¬ 
tion  by  means  of  the  mm— wave  transfer  of  information.  Usually  the  latter  is  used,  but  it  is  a 
complex  circuit  and  high  cost.  The  former  is  a  simple  circuit,  but  it  need  to  so^.■r  problem  of  di¬ 
rect  modulating  low  resistnee  about  mm -wave  Gunn  oscillator.In  this  pepar.  the  mm-wave 
direct— modulator  of  frequency  has  been  researched  and  made.The  W  band  communication  system 
using  direct  frequency  modulation  is  kind  of  simple  circuit,  low  cost  and  high  reliability  .The  system 
is  compatible  with  electrical  wave  propagation  measurement  system  .To  turn  modulation  signal 
off,  the  intermediate  frequency  signal  turn  on  field  intensity  indicator.  The  data  are  sampled  by 
automated  sampler,  as  measurements  of  atmospheric  propagation  attenuation  and 
cross-polarization.Data  are  processed  by  microcomputer.  Using  curve  fitting  method,  we  can  in¬ 
quire  into  mathematical  mode  of  molecule  absorb,  atmospheric  curl  and  water  coaguium  versus 
near  millimeter  wave  propagation  to  use  as  the  design  of  propagation  road. 

BLOCK  DIAGRAM  OF  W  BAND  COMMUNICATION  SYSTEM 
AND  PROPAGATION  MEASUREMENT  SYSTEM 

Figure  1  shows  the  block  diagram  of  the  W  band  communication  system  and  electrical  wave  propa¬ 
gation  measruement  system. 

Main  characteristics  of  the  communication  system: 

(I)  Work  frequency  band;  91-94  GHz,  (2)  Transmission  power:  >  10  mw.(3)  Receiver  noise 
figure:  <  12  dB,  (4)  Modulating  frequency  departure:  <  10  MHz,  (5)  First  TF;  1-1.4  GHz. 


The  protect  is  aided  rmaociaily  by  national  natural  science  fund. 


Second  IF;  70  MH2.(6)  IF  band  width;  >  30  MH2.(7)  Polanzation  type  duplex  isolation; 
2SdB.  (8)  Minimum  power  of  receiver:  <-70dBw.{9)  Video  band  width:  >  10  MHz.(lO)  Mag¬ 
nitude-frequency  characteristics  of  video;  for  50Hz-5.5MHz,  <.75dB.(n)  Transmission  infor 
mation:  duplex  transmission  one  color  TV  signal  &  one  audio  (or  one  duty  telephone),  or  960 
route  duplex  lelephoneor,  or  32  route  duplex  digital  communication.  (12)  Audio  sub-carrier: 
6.5MHz(FM). 


Fig. I  Block  diagram  of  W  band  communication  system  and  •!».  •. ual  wave  measurement  system 


THE  DIRECT-MODULATION  OF  GLULN  OSCILLATOR  AT  W 
WAVE  BAND 

The  direct— modulation  of  Gunn  oscillator  at  w  wave  band(FM)  shows  as  figure  2. 


(a)  MODULATION  CHARACTERISTICS  (6)  WIDTH  BAND  DIRECT-FMAT  W  BAND 
OF  GUNN  OSCILLATOR 


Fig.2  Modulation  characteristics  of  Gunn  oscillator. 


DC.  resistance  of  Gunn  oscillator  is  about  0.5-2  Ohm,  dynamic  resistance  is  about  10-15  Ohm  on¬ 
ly,  voltage  is  4— 5V,  electric  current  is  about  1  A.  It  is  very  hard  to  overcome  the  low  resistance  ef¬ 
fect  by  means  of  convention  tnodultaing  method,  because  of  the  resistance  of  Gunn  diode 
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shorted.  After  studying,  the  efective  modulating  was  achieved. 

Base-band  singal  can  be  one  color  TV  signal  phis  one  audio  modulating  frequency  sub-carrier  sig¬ 
nal  6.5  MHz,  or  960/  300  route  carrier  telephone  signals  or  32  route  PCM  digital  telephone 
signals.  It  is  proved  practically  that  the  frequency  modulator  can  work  the  whole  millimeter  wave 
band.Modulation  band  width  is  greater  than  15  MHz  and  magnitude  frequency  characteristics  less 
than  0.75  dB. 


DISTINGUISHING  FEATURE  OF  TESTING  RECEIVER 

Figure  3  shows  block  diagram  of  the  testing  receiver  at  w  band.To  overcome  the  frequency  drift 
automatical  frequency  control  is  set  up  in  the  testing  receiver.  Electrical  wave  propagation 
attenuation  precision  is  less  than  1  dB.  The  dynamical  extent  of  the  precision  attenuator  is  about 
70  dB.  The  resolving  power  is  1  dB.The  input  signal  of  the  testing  receiver  is  from  the  mixer  of  w 
band  receive  end.Tnput  signal  frequency  is  1-1.5  GHz.The  local  oscillator  follows  the  tuning  range 
950-1450  MHz.The  outputs  of  the  field  intensity  are  transmited  into  the  data  sampler  and 
microcomputer. The  output  level  of  the  testing  receiver  is  in  the  range  of  TTL  level  to  satisfy  the 
needs  of  the  computer. 


W  BAND  RECEIVER 
FIRST  INTERMEDIATE  IN 


The  technique  index  of  the  testing  receivensas  follows;  (1)  Frequence  range:  950—  1450 
MHz.(2)  Receiver  sensitivity:  O.lmv.  (3)  Noise  figure;  4dB.  (4)  TF:  70  MHz.(5)  Dynamical 
range  of  the  attenuator:  0~70dB.  (6)  Microcomputer  interfacing  level  is  TTL  level. 

NfEASUREMENT  OF  THE  CROSS-POLARIZATION 

As  measureing  the  cross-polarization  of  atmospheric  propagation,  transmitter  is  rotated  45  ”  to 
product  45  "  line-polarization  wave(see  figrue  4).The  signals  received  by  receive  antenna  via  the 
polarization  separator  are  fallen  into  two  route.One  route  is  the  horizontal  and  another  is  vertical 
polarization  .The  two  route  via  the  mixer  arc  transmitted  into  the  testing  receives,  respectively  .They 

transmitted  into  the  microcomputer  to  process  data  sampled.The  results  of  the 

•  va* 


arc 


cros»-polar«ation  effect  are  Typed. 
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Fig.4  The  cross-polarization  measuring  system. 

The  output  anyone  route  in  receive  system  can  use  as  measruing  atmospheric  attimuation  and  at¬ 
mosphere  glimmer  effcet, 

CONCLUSION 

It  is  proved  practically  that  the  communication  system  and  electrical  wave  propagation  feature 
measurement  system  is  successful  at  91 -"94  GHz.In  the  communicat  >n  test  the  duplex  informa¬ 
tion  transmission  has  been  realized.The  picture  of  the  colour  TV  is  clear  and  the  sound  is  pleasing  to 
car.The  system  are  refitted  as  measurements  of  dielectric  constant.  RCS  and  others. 
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APPLICATIONS  OP  HIGH-TEMPERATURE  SUPERCONDUCTORS  IN 
MILLIMETER-WAVE  COMPONENTS 
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SUHHARi 

This  paper  describes  the  unique  properties  of  High-Temperature 
Superconducting  Thin  Films  (HTSTF)  for  possible  application  in 
microwave  integrated  circuits,  HTSTF  can  be  characterized  as  Thin 
Film  Microstrip  (TFMS)  lines  operating  at  superconducting  tempera- 
■^ures.  Low  insertion  loss,  minimum  signal  delay,  and  low  power 
dissipation  are  possible  with  HTSTF  lines  compared  to  conventional 
microstrip  lines.  Note  that  conductor  loss,  dielectric  loss, 
signal  distortion,  signal  delay,  and  instantaneous  bandwidth  are 
dependent  on  the  film  thickness,  superconducting  film  material,  and 
substrate  properties.  Preliminary  studies  indicate  that  supercon¬ 
ducting  bulk  ceramics  are  suitable  for  HTSTF  lines.  Thin  films  of 
Yttrium  Barium  Copper  Oxide  (YBCO)  with  critical  temperature  (T^) 
of  95  K,  Bismuth  Strontium  Calcium  Copper  Oxide  (BSCCO)  with  T^  of 
85  K,  and  Thallium  Calcium  Barium  Copper  Oxide  (TCBCO)  with  T^.  of 
125  K  appears  to  be  most  suitable  for  microwave  integrated  circuit 
applications.  In  addition,  appropriate  high  temperature  substrates 
such  as  MgO,  Sr  Tioj  and  ZrOj  must  be  evaluated  for  optimum 
microwave  performance.  High-temperature  superconducting  microwave 
circuits  can  operate  at  liquid  nitrogen  temperature  (77  K)  ,  which 
is  about  ten  times  cheaper  than  liquid  helium.  For  maximum  economy 
the  refrigerant  operating  temperature  must  be  close  enough  to  the 
critical  temperature  of  the  materials  mentioned. 

Preliminary  investigation  seems  to  indicate  that  microwave 
performance  of  the  HTSTF  lines  will  be  better  than  conventional 
gold  plated  copper  strips  if  the  cryogenic  temperature  is  main¬ 
tained  below  40  K.  However,  ordinary  gold  plated  copper  micro¬ 
strip  loss  performance  appears  to  be  better  than  YBCO  films  at  77  K 
above  lo  GHz  (Figure  i)  .  There  is  a  possibility  to  reduce  the 
insertion  loss  using  multiple  layers  of  HTSTF  films,  but  at  the 
expense  of  higher  cost  and  complexity.  Regardless  of  the  existing 
problems  or  shortcomings,  implementation  of  HTSTF  lines  into 
microwave  integrated  circuits  and  printed  circuit  antennas  will  be 
found  most  cost-effective  at  microwave  frequencies.  Cryogenic 
operation  will  considerably  reduci^  the  insertion  loss  @  mm-wave 
frequencies  (Table  1) . 

Preliminary  calculations  reveal  that  the  insertion  loss  of  the  YBCO 
film  of  suitable  thickness  on  the  high  temperature,  high  dielectric 
substrate  of  MgO  (e,.  =  10)  is  about  35%  lower  at  20  GHz  compared  to 
gola  plated  microstrip  lines  operating  below  40  K  temperature. 
Superconducting  films  require  high  dielectric  substrates  such  as 
MgO,  Sr  Tioj,  or  Zroj  to  satisfy  the  required  microwave  performance 
level.  Two  factors  must  be  considered  in  selecting  a  suitable 
substrate  for  HTSTF  lines; 
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a)  The  crystal  structure  of  the  substrate  must  permit  formation 
of  high  quality  of  HTSTF  films  at  higher  sputtering  tempera¬ 
tures  necessary  for  higher  critical  temperatures. 

b)  The  dielectric  constant  and  loss  tangent  must  be  low  enough 
so  that  the  dielectric  losses  do  not  exceed  the  conductor 
losses. 

Regardless  of  the  circuit  application,  one  must  investigate  the 
dispersion  effects,  conductor  and  dielectric  losses  for  films  and 
microstrips  (Figure  2} ,  and  potential  substrates  for  optimum 
microwave  performance. 

It  is  impoirtant  to  mention  that  the  conductor  loss  is  the  most 
dominating  performance  parameter,  which  is  proportional  to  the  RF 
surface  resistance  R^  (Table  2) .  Computed  values  of  RF  surface 
resistance  for  various  superconducting  materials  as  a  function  of 
operating  frequency  and  cryogenic  temperature  are  shown  in 
Figure  1.  High-temperature  superconducting  material  physics 
indicate  that  the  intergranular  coupling  and  the  anisotropic 
property  of  the  ceramic  superconducting  films  can  increase  the 
conductor  loss,  particularly  at  millimeter-wave  frequencies  where 
anomalous  skin  resistance  is  more  dominant.  Published  data 
indicates  that  the  anomalous  skin  resistance  (R,)  is  greater  than 
normal  skin  resistance  by  1%  @  1  GHz,  by  6%  0  10  GHz,  and  by  10% 
0  20  GHz.  This  means  that  superconductor  surface  impedance 
parameter,  rather  than  RF  skin  resistance  (R,)  ,  must  be  considered 
0  mm-wave  frequencies  to  predict  RF  performance  level  with  optimum 
accuracy . 

HTSTF  lines  have  potential  applications  in  electronic  components, 
microwave  filters,  delay  lines,  mm-wave  printed  circuit  microstrip 
antennas,  monolithic  low-noise  amplifiers,  mm-wave  phase  shifters, 
and  digital/analog  signal  processing  integrated  circuits. 
Implementation  of  HTSTF  technology  in  microwave  systems  yields 
minimum  insertion  loss,  ultra-fast  switching  capability,  higher 
sensitivity,  higher  current  density,  lower  power  dissipation, 
higher  reliability,  excellent  HMIC  compatibility,  and  lower 
equipment  cost  and  complexity.  Computed  data  (Figure  1)  indicates 
that  at  present  YBCO  lines  have  lower  insertion  losses  than  those 
for  copper  microstrip  lines  0  77  K,  but  only  at  frequencies  below 
4  GHz.  More  research  and  development  activities  need  to  be 
undertaken  in  terms  of  e^quilibrium  thermodynamics,  kinetics,  film 
growth  temperature,  oxygen  pressure  and  surface  smoothness 
to  produce'  quality  HTSTF  films  with  lower  insertion  losses  @  mm- 
wave  frequencies.  The  dream  of  room-temperature  superconductivity 
is  now  within  accessible  reach  with  rare-earth  superconducting 
materials,  if  the  film  reproducibility  and  thermal  stability  issues 
are  satisfactorily  resolved. 
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PARAMETERS  ASSUMED: 


SO  ohas,  h  •  O.uoi* 
dlalactric  filling  factor  (0.S33) 
ralatlva  dialactric  constant  (10) 
affective  dielectric  constant  ((.5) 
Loss  Tanqent  (0.005  assuaed) 

0.25  db/CB  (Tans  •  .005)  I  20  GHz 
0.52  dO/ca  (Tanf  -  .010)  g  20  GHz 


TADI*  2 

PERFORMANCE  COMPARISWI  BETWEEN 
THE  STANDARD  HICR05TRIP  LINES  AND 
THIN  FILM  HICROSTRIP  (TFHS)  TRANSMISSION  LINES 
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STUDY  OF  DUAL-BAND  AND  DUAL-POLARIZATION 
MMW  ANTENNA  FEEDING  SYSTEM 


Deng  Ciping.  Lu  Xin,  Li  Zhen 
Beijing  Institute  of  Technology,  P.O.  Box  327, 
Beijing  100081,  China 


ABSTRACT 

The  dual-band  and  dual-polarixation  (D&D)  MMW  antenna  feeding  system 
(AFS)  presented  in  this  paper  is  composed  of  a  branching  unit,  in  which  dual¬ 
band  signals  are  separated  and  isolated,  and  a  dielectric-gtiide  dual-reflector 
antenna  formed  by  linking  the  dielectric  filled  in  the  branching  unit  and  sub¬ 
reflector.  This  kind  of  AFS  has  a  single-reflector  and  a  common  feed,  so  the 
configuration  is  simple  and  firm,  meanwhile  good  electric  properties  are  main¬ 
tained. 

Up  till  now,  this  kind  of  D&D  MMW  AFS  has  been  used  in  some  experi¬ 
mental  facilities  of  dual-band  MMW  system  such  as  radiometer,  communication 
system,  active  and  passive  detector  and  so  on,  and  the  various  developments  are 
achieved. 

INTRODUCTION 

Compared  with  single-band  MMW  systems,  dual-band  MMW  systems  have 
some  advantages  such  els  Eintijamming  and  so  on.  In  general,  the  AFS  in  dual¬ 
band  is  composed  of  a  single-reflector  and  double  feeds,  but  interference  between 
the  two  feeds  is  one  of  the  key  problem  to  improve  the  system  property. We  have 
solved  this  problem  perfectly  by  using  a  dielectric-guide  dual-reflector  antenna, 
and  a  branching  vinit  in  which  dual-band  signals  are  separated  and  isolated  by 
meEins  of  both  the  high-pass  property  of  wave-guide  and  the  orthogonEility  f 
wave-guide  modes.  The  antenna  is  formed  by  linking  the  dielectric  filled  in  the 
branching  unit  and  the  sub-reflector. This  kind  of  AFS  h£is  a  single-reflector  Ecod 
one  common  feed  in  dual-band,  so  not  only  the  configuration  is  simple  and  firm, 
but  also  the  sub-reflector  is  fabricated  to  taper  reflector  under  certain  condition. 
Therefore  the  fabrication  is  very  easy  meanwhile  good  electric  properties  are 
maintained. 

The  D&D  M!MW  AFS  is  used  in  some  experimental  facilities  of  dual- band 
MMW  system,  and  the  vsirious  developments  are  achieved.  The  results  obtained 
indicate  that  the  development  of  D&D  MMW  AFS  is  successful. 

THEORY  AND  DESIGN  OF  D&D  MMW  BRANCHING  UNIT 

The  structuEil  drawing  of  D&D  MMW  branching  unit  is  illustriated  in  Fig.l, 
in  which  the  region  I  bounded  by  AA',  DD'  and  EE'  is  a  HT- junction  of  wave- 
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gmde,  the  region  I  ,  DD'  and  BB',  is  a  tapered  wave-giiide  section,  and  the 
region  | ,  EE'  and  CC',  is  a  high-reduced  wave-guide  with  two  tapered  wave¬ 
guide  sections.  A  full-high  dielectric  piece  is  s)anmetrically  located  in  the  wave¬ 

guide.  It  is  convenient  to  link  to  external  devices. 

Both  the  orthogonality  and  the  cut-off  characteristic  of  waveguide  modes 
are  used  to  isolate  Smm-  and  4mm-wave  each  other.  In  general,  the  dominant 
modes  of  4mm-  and  8mm-wave  are  LSM  mode  to  the  broad  wall  of  the  wave¬ 
guide  and  TEio  mode.respectively.  Thus  it  can  be  seen  that  the  electric  fields  of 
8mm-  and  4mm-wave  axe  orthogonal  in  the  dielectric  piece,  and  that  8mm-wave 
is  cut  off  in  the  region  I  and  4mm-wave  cut  off  in  the  region  1  when  b''  is 

less  than  X/2,  where  X  is  the  wavelength  of  4mm-wave  in  free  space.  So  that, 

8mm-  and  4mm-^ve  axe  seperated  with  high  isolation. 

The  impedance  matching,  which  is  very  important,  is  performed  respectively 
and  independently  in  each  band.  For  4mm- wave  it  is  relying  upon  the  tapered 
dielectric  which  may  not  affect  the  transmission  of  8mm-wave.  For  8mm-wave, 
matching  is  done  by  means  of  a  metal  film  located  in  region  R  on  the  dielec¬ 
tric  piece,  as  shown  in  Fig.l. 

THEORY  AND  DESIGN  OF  DIELECTRIC-GUIDE 
DUAL-REFLECTOR  MMW  ANTENNA 

Extensing  the  dielectric  filled  in  the  branching  unit  to  connect  the  sub¬ 
reflector, the  sub-reflector  can  be  monited  by  dielectric-gmde  instead  of  support- 
ting  frames.  As  a  result,  not  only  the  configuration  is  compact  and  firm,  but 
also  the  leakage  and  blockage  are  reduced  and  the  efficiency  is  improved  and 
the  sidelobe  level  is  decreased.  But  in  this  case,the  variation  of  the  optical  path 
from  the  feed  to  the  antenna  aperture  must  be  corrected.  The  method  is  by 
altering  the  shape  of  sub-reflector  to  compensate  the  phase  difference  on  the 
main-reflector.  Fig.2  illustrates  the  geometrical  relations  of  electromegnetic  rays 
in  the  dielectric-guide  dual-reflector  antenna.  Considering  the  configuration  sy¬ 
mmetry,  only  half  of  the  practical  antenna  is  plotted  in  Fig,  2,  where  F  is  the 
focal  length  of  the  main  reflector,  B  half  of  the  maximum  dimension  of  the 
feed,  L  the  distance  between  feed  and  apex  of  the  main-reflector,  here  assum¬ 
ing  that  the  distance  between  equivalent  phase  center  of  feed  and  apex  of  the 
main-reflector  is  L  as  well. 

According  to  geometrical  optics  principle,  it  is  not  difficult  to  derive  the 
formulation  of  the  corrected  sub-reflector. In  general, the  shapes  of  sub-reflector 
corrected  are  some  complex  curved  surface.  But  in  some  cases,the  variations  of 
the  sub-reflector  diameter,  d,  and  the  dielectric  constant,  t  not  only  cause 
angularity  variation  of  the  sub-reflector  shape,  but  also  cause  the  change  of 
bending  direction.  Therefore  the  shape  of  the  sub-reflector  can  be  approxmated 
a  taper  cone  by  selecting  proper  e  ,  and  d,and  the  antenna  properties  are  still 
maintained.  Although  no  blokage  is  caused  by  supporting  frames  in  the  dielec¬ 
tric  guide  dual-reflector  antenna,  there  exists  blockage  of  dielectric-guide.  In 
the  design,both  blockages  of  sub-reflector  and  dielectric-griide  can  get  minnnim 
values  by  selecting  proper  parameters  d  and  L.  Moreover,  parameters  e  ,,  d 
and  L  should  be  considered  83rnthesizly  to  ensure  that  Eintenna  achieves  good 
properties  in  dual-band. 

It  can  be  seen  that  the  shape  of  the  dielectric  inserted  in  the  feed  may 
be  selected  properly  to  match  and  coincide  the  feed  well,  meanwhile  the  an- 


tenwa  propexties  are  not  affected.  So  the  configuration  of  AFS  is  compact, 
more  stability  and  availibility. 

EXPERIMENTAL  RESULTS 

The  photograph  of  the  d\ial-band  (8mm  &  4mm)  and  dual-polaidzation 
antenna  feeding  system  is  presented  in  Fig.  3.  The  experimental  results  are 
shown  in  Pig.4  to  Fig.8  and  presented  in  Table. 

Although  4mm-band  measurements  were  carried  out  at  some  frequencies, 
the  results  obtained  indicate  that  the  D&D  MMW  AFS  is  practicable.  In  fact, 
this  kind  of.  D&D  MMW  AFS  has  been  used  in  some  experimental  facilities  of 
dual-band  MMW  system, such  as  radiometer,  communication  system,  active  and 
passive  detector,  nriH  so  on.  Lots  of  good  results  obtained  indicate  that  the 
development  of  D&D  MMW  AFS  is  successful. 
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Fig.l  Configuration  of  the  branching  unit 


Fig.2  Geometrical  relations  of  EM  Fig.3  Photograph  of  dual-band  (8mm  & 
T&ys  in  dielectric-guide  4mm)  dual-polarization  MMW 
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Fig.7  E-  and  H-plane  patterns  of 
the  antenna  at  35.7GHz 
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Fig.5  Experimental  results  of  inser¬ 
tion  loss  of  the  branching 
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Fig.6  Experimental  results  of  VSWR 
of  the  antenna  feeding 
system  in  8mm-band 
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Fig.8  E-  and  H-plane  patterns  of 
the  antenna  at  TZOGHz 


Table  Experimental  data  of  the  branching  unit  at  35.96Hz  and  74.0GHz 
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VSWR 

Insertion  lo68(dB) 

35.9 

L20 

0.62 
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NEH  EXCITATION  MEIIIOD  OF  AUSTON  SNITCH 
Zhang  Ling-qing  and  Nu  Ke-qin 

Shanghai  BilliBeter-  wave  A  subailiineter-  wave  Laboratory 
ABSTHACT 

Ne  have  presented  a  new  aethod  of  excitation  on  photoconductive  switch  which  can 
generate  aan-control  ultrashort  electrical  pulses.  The  advantage  of  this  aethod  is 
that  it  relaxes  the  seriously  dependence  on  free  carrier  lifetiae  of  photoconductor 
on  ultrafast  optoelectronic  devices. 

IMITODUCTION 

Since  Jayaraaan  and  Lee  first  observed  the  picosecond  ^otoconductivity  effect  in 
1972,  there  have  been  aany  application.  One  of  the  aajor  applications  has  been  in 
ultrafast  switching  which  can  be  done  with  picoprecision.  Ihe  switching  of  voltage 
pulses (Auston,  1975) by  using  picosecond  photoconductivity  engendered  ultrafast 
optoelectronics  in  which  picosecond  switching  has  been  achieved.  Auston  switch  has  a 
rapid  rise,  but  a  long  trail  owing  to  the  long  lifetiae  of  photoconductive  aaterial. 
This  conditions  has  iaproved  when  new  aaterials  which  have  short  carrier  lifetiae 
have  developed,  such  as  Cr.GaAs.aaorphous  silicon.radiation-daaaged  SOS.  With  fs 
laser  source  and  "the  sliding  contact'’excitation.  su^icosecond  electrical  pulse  can 
be  obtained.  The  typical  work  in  this  area  was  done  by  D.R.Grischkowsky  et  al . 
recently  shown  in  figure  1. 

The  laser  source  is  a  compensated  colliding 
pulse,  passively  aode-locked  dye  laser 
producing  pulses  with  80fs  width  at  a  lOOMlz 
repetition  rate.  The  photoconductive 
aaterial  is  heavily  ion-iaplanted  silicon-on 
sapphire(SOS)  which  has  the  carrier  lifetiae 
of  a  liait  of  600fs.  The  electrical  pulse 
short  than  0.6ps  on  a  coplanar  transaission 
line  bad  been  obtained  using  a  new  aethod  of 
pulse  generation,  "the  sliding  contact".  Ne 
have  generated  electrical  pulses  of  ps  order 
as  well  by  using  radiation-daaaged  SOS  as 
photoconductor  and  a  siailar  aicrostrip 
circuit.  In  addition,  Defonzo,  Saith  et  al. 
using  integrated  planar  antenna  technique 
had  generated  the  sub-picosecond  electrical 
pulse  radiation.  Regardless  of  how  were  the 
ultrafast  electrical  pulses  transwitted  be.fng 
generated.  they  all  have  the  sa«e  way'' of 
excitation,  that  is,  shorting  the  wicrostrip 
gap  with  one  ultrafast  optical  pulse,  as 
shown  in  figure  2(a) . 

The  electrical  pulse  generated  on  Auston 
switch  is  determined  by  the  laser  pulse,  the 
carrier  lifetime  in  semiconductor,  the 
capacitance  of  the  switch.  Recent  work 
indicated  that  under  some  conditions,  the 
effect  of  the  laser  pulsewidth  and  gap 
capacitance  can  neglect,  as  a  result,  the 
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Fig.  I  "Double  siidiiig"  contact 


Fig. 2  DiffcrcnL  way  of  excitation 
orr  Auston  switcii. 

(a)Tr.irli  tion.-vl  way  of 
rxriUtion.  tblfwo-atep 
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CT’icial  aspect  is  the  carrier  lifetiae.  As  for  aost  fast  optoelectranic  devices,  it 
is  this  factor  that  seriously  liaits  the  response  speed.  Altbomrb  the  carrier 
tifr'tiae  can  be  reduced  to  ps  order  usiniT  radiation-daaase  technology,  it  can  not  be 
short  than  O.Sps  of  the  iiait  lifetiae.  besides  radiation-daaage  can  not  presently 
apply  to  aost  photoconductors  which  have  carrier  lifetiae  auch  larger  than  Ips, 
thei  'fore,  it  will  undoubtly  be  a  new  research  field  in  the  future  of  how  to  break 
the  iiait  which  introduced  by  the  carrier  lifetiae  to  response  speed.  For  this  reason 
we  have  prosed  a  new  aethod  of  excitation,  expecting  to  do  soae  fundaaentai  research 
work  in  area. 

niQ-STEP  PHOTOEXCITATION 

Figure  i’(b)  shows  the  scheaatic  diagraa  of  two-step  photoexcitation  on  a  Auston 
switch,  bransforaing  one  optical  beaa  excitation  to  double  optical  beaa  excitation 
which  ha-'e  a  relative  delay  (valid  when  shorter  tlian  carrier  lifetiae).  each  cover 
half  cf  the  gap.  these  ar.e  all  the  two-step  photoexcitation  aeaningsicn  tiae  and 
space).  Kith  this  new  iLethod.  one  can  generate  electrical  pulses  with  theirs 
pulsewidtb  being  controled.  Its  operatir.g  principle  as  follow. 

Assuaing  tfo  optical  beaas  (1)  A  (2)  with  a  tiae  interval  of  f  illuainate  on  the 
gap  shown  in  figure  2(b).  Although  the  local  photoconductivity  of  the  gap  illuainated 
by  beaad;  would  increase,  the  gap  will  hardly  cum  on  because  of  only  partialy 
excited.  However,  the  electron-hole  plasaa  induced  by  the  beaa(l)  will  decreases 
slowly  (relative  to  the  speed  of  plasaa  generating)  as  shown  in  figure  3(a) .  After 
a  certain  tiae  t' ,  letting  the  beaa(2)  illuainate.  the  local  photo-conductivity 
increases  sharply  owing  to  the  high  speed  of  plasaa  generating;  As  a  result  the 
photoconductivity  of  the  whole  gap  increases 
sharply,  the  switch  is  open  at  once.  While, 
the  recoabinaiion  of  carriers  owing  to 
beaad)  is  nearly  coapieted.  gap 
photoconductivity  then  decreases  sharply: 

Hence,  the  switch  turns  off  generating  a 
transient  signal  narrow  than  the  carrier 
lifetiae  shown  in  figure  3(b). 

According  to  Auston 's  theory  which  is 
extreaeiy  general  and  ^splies  to  practically 
any  transaission  line  configuration,  the 
duration  of  the  generated  electrical  pulse 
was  given  by  the  convolu*'ion  of  the  laser 
pulse  A  the  carrier  lifetiae.  It  is  obvious 
that  the  frfiotoconductive  response  can  be 
iaproved  by  managing  to  reduce  the  carrier 
lifetiine  of  photoconductor  in  the  g;^  while 
the  laser  pulsewidth  fixed. 

In  fig.  2(b).  assuaing  the  illuaination  is 
uniforad .e. .  neglect  dielectric  relaxation), 
beaad) illuainating  at  the  zero  acwent.  after 
delaying  a  certain  tiae  x' .  letting  the 
beaB(2)  illuainate.  the  photocondiictivity  are 
Oi{t)»ai(t)  respectively.  Neglecting  retard¬ 
ation  effect,  and  assuaing  exponential  decays 
of  carrier  lifetiae  iaaediately  after  gener¬ 
ation.  then 


Fig. 3  Schematic  diagru  of  two- 
3t«7  excitation. 


01  (t)  ={naeM.+i>i«M.)e3cp{— f) 

/  “ 

02(t)=f 


t<x' 


(1) 

(2) 


‘(iwmi+prfa4)cxp{ — t>t' 


where  dq.  pq  are  the  initial  carrier  densities.  is  carrier  lifetise.  The 
idiotocondwtivity  of  the  whole  gap  is 
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Substituting  Eqs.(l)  4  (2)  into  (4) ,we  get 
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The  curve  of  the  photoconductivity  O  (t)  is  shown 
in  figure  4  which  has  the  saae  shape  as  that  in 
figure  3(b) . 

The  photoconductance  can  then  be  deternined  as: 


(3) 

(4) 


(5) 


Q  Fii'.'l  Theoretical  (t»o-3tep  wayj 

8(t)=l  (6) 

lEl* 

where  V_  is  the  voltage  across  the  gap.  E  is  the  electric  field.  The  photoconductance 
is  reduced  by  a  factor  of  ( l+e’*''’  )  relative  to  that  of  one  beaa  excitation. 

Define  (t  — x')  being  the  effective  lifetiae  of  gap  carriers  by  two-step 
excitation,  expressed  as  .  we  have: 

X  «rr=x  -X'  (7) 

Apparently,  to  control  x'  is  equivalent  to  control  .  that  is,  the  electric 
pulsewidth  can  be  controlled  at  one's  will.  So,  it  break  the  Unit  to  photoconductive 
response  speed  by  the  intrinsic  carrier  lifetime  of  photoconductive  materials. 

It  should  be  noted  that  the  fully  understanding  of  the  mechanism  of  the  two-step 
excitation,  especially  some  problems  on  the  applied  technology,  needs  arore  research 
work. 


CONaUSION 

In  summary,  we  have  proposed  and  explained  the  principle  2U>d  the  advantages  of  a  new 
photoexcitation — two-step  excitation,  and  the  photoconductance  expression  of  the 
Auston  switch  has  been  evaluated.  It  is  of  significance  using  this  method  to  improve 
the  response  ability  of  optoelectronic  devices. 
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mLIJMKrgR  1EKVB  EOi —  A  HEH  FIZLD  OF  AXaCTBOHIC  COMBAT 


JinXuan  Gong 

(Southwest  Institute  of  Electronic  Equipment,  Chengdu, 
Sichuan,  China) 


ABSTRACT 

In  this  paper,  the  features  of  minW  electronic  countermeasure  (ECU)  are 
given.  A  system  architecture  of  mmW  radar  ECM  is  proposed.  And  the 
stat-of-art,  recent  applications  status  and  trends  of  mmW  radar  ECM 
systems  abroad  are  briefly  described. 

THE  FEATORES  OF  MMff  EOI 

In  fact,  the  struggle  between  mmW  ECM  and  ECCM  is  a  struggle  of  ener¬ 
gy.  For  example,  in  free  space  the  ranges  of  ESM  receiver  and  radar 
can  be  shown  as: 


Pmiin  »  PtG^*(T/(4r)  ^Rjl 

(radar) 

(1) 

Pr«in  *  PtGtGjX*/(4ir)*Rj 

(ECM) 

(2) 

Illustrated  by  the  equation,  the  intensity  of  signal  received  by  the 
radar  is  in  inverse  proportion  to  Rr*,  while  the  intensity  of  signal 
received  by  the  ESM  receiver  is  in  inverse  proportion  to  Rj* .  That  is 
to  say,  from  the  point  of  view  of  energy,  a  ESM  receiver  has  certain 
advantages  of  range  over  a  radar.  Using  the  similar  analysis  method 
can  result  in  a  conclusion  that,  in  high  atmospheric  attention,  the 
radar  jammer  has  certain  advantages  ever  a  radar,  too. 

But  in  actual  applications,  the  radar  function  is  better  than  that  of 
radar  ECM  system.  The  reasons  are  as  follows: 

1.  MmW  radar  can  use  one  or  more  narrow  bands,  while  for  mmW  ESM 
receiving  and  jamming  system,  if  there  is  no  prior  information  avail¬ 
able,  it  must  cover  ..he  whole  mmW  band  to  intercept  the  radar  targets 
and  jam  them. 

2.  Radar  and  communication  systems ''may  be  operate  on  the  ''me  mmW 
frequency,  so  ESM  receiver  iust  be  able  to  distinguish  radar  signals 
from  non-radar  signals  in  order  to  avoid  interference  from  non-radar 
signals  which  have  various  modulations. 

3.  A  mmW  radar  has  short  operation  range,  which  shorten  reconnais¬ 
sance/jamming  reaction  time  greatly.  The  reaction  time  from  intercep¬ 
tion  to  jamming  should  be  within  only  several  decades  of  seconds. 

4.  Narrow  Beam  and  High  Antenna  Gain.  This  forces  the  ESM  receiver  and 
jammer  to  exploit  the  same  high-gain  narrow-beam  antenna,  which  will 
increase  search  time,  and  decrease  the  probability  of  radar  reconnais- 
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sance  and  jamming. 

5.  A  mmW  radar  has  vide  absolute  bandwidth  and  may  use  extra-narrow 
pulse,  so  it  has  excellent  ECCH  cap2Uaility  amd  is  very  difficult  to  be 
detected  and  jammed.  Also,  the  mmW  radar  has  good  range  resolution, 
thus  effect  of  chaff  jamming  is  weakened. 

6.  Recently,  conical  scan  mode  is  mainly  explored  in  a  mmW  radar  and 
the  main  jamming  method  used  is  angular  deception.  But  it  would  be 
difficult  to  conduct  wide  bandwidth  emgular  deception  jamming  in  aonW 
bands. 


STSTBI  ARCMlTltCTURE  OF  HMH  SCM 

In  order  to  obtain  relatively  perfect  ECM  capabilities,  mmW  ECM  snould 
bF.  integrated  with  current  microwave  and  electro-optic  ECM  to  form  a 
comprehensive  ECM  system  architecture,  as  shown  in  Fig.l.  The  EW 
intelligence  sensor  unit  in  Fig.l  is  composed  of  microwave/mmW/ optic 
multi-sensors  and  multi-sensor  intelligence  preprocessing  subsystems. 

Radar  Navigation  Communication 


i 


Fig.  1  System  Architecture  of  mmW  ECM 


It  is  used  to  intercept  and  analyze  various  signal  intelligence, 
measure  various  technical  parameters  and  locate  targets  via  passive 
multi-station  location  or  time-o£-arrival  difference  location. 
According  to  the  tactical  needs,  the  sensors  can  be  deployed  at  proper 
positions  and  combined  into  a  network  in  a  sine  a  platform  or  multiple 
platforms.  Standard  data  link  interfaces  should  be  used  among  sensors. 
All-source  intelligence  analysis  unit  fuses  the  information 
intercepted  by  multi-sensors  and  makes  a  coherent  processing. 
Supported  by  the  various  data  bases,  it  identifies  and  displays 
automatically  the  targets.  The  unit  has  standard  data-transmission 
communications  interfaces  in  conjunction  with  the  microwave/mmW  radar 
and  communication  systems  to  achieve  information  sharing. 

The  EW  command  and  control  unit  is  a  command  center  of  coordinated 
battle.  Supported  by  decision-making  bank,  it  can  analyze  and  compare 
enemy  situation,  find  the  best  operational  concept,  properly 
distribute  various  jamming  assets,  determine  jamming  frequency,  power, 
direction  and  time,  etc. ,  control  the  ECM  unit  to  implement  its 
jammim  mission  and  control  spatial  activities  and  searching  program 
of  the  multi-sensor  unit.  A  standard  data  link  interface  is  used 
between  this  unit  and  the  other  parts. 

Thu  ECK  executive  unit  is  composed  of  microwave/mmW  ECM,  communication 
ECM,  fuse  ECM,  optic  ECM,  ARM  attack,  etc.  Controlled  by  the  EW  com¬ 
mand  and  control  unit,  it  can  conduct  coordinated  countermeasure 
cv*  rations,  which  enable  the  system  carry  out  effective  jamming  or  ARM 
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attaclC  aqaiiiyt  -yShB  isultiple  targets  in  optinal  directions  with  the 
most  suit^d^le  frequency,  power,  techniques  and  time. 

The  system  illustrated  in  Fig.l  is  relatively  complete,  full  spectrum 
ECM  system,  it  has  a  good  versatility,  and  can  be  used  in  a  special 
ECM  aircraft,  also  it  can  be  simplified  to  operate  as  a  self-protect 
j2unming  system  of  a  fighter,  bomber,  or  AHACS  aircraft.  It  can  also  be 
expanded  to  operate  as  shipboard  EW  system.  In  particular,  when  it  is 
netted  with  other  sensors  on  various  platforms,  this  integrated  ECM 
system  can  be  used  to  detect  those  hardly-found  targets  such  as 
stealth  aircraft,  cruise  missiles,  etc.. 

SXATOS  OF  mol  ECM  SYSTEM 

As  viewed  from  the  whole  developing  progress  of  mmW  ECM  techniques 
abroad,  mmW  ESM  system  is  developed  rapidly  with  the  mmW  lower-power 
sources  and  low-noise  devices  becoming  mature  day  by  day.  The  types 
and  achieved  performances  of  mmW  ESM  receivers  being  developed  or 
equipped  are  listed  in  table  1.  At  present,  most  of  the  developing 


Table  1  Performances  of  mmW  radar  ESM  receivers 


frequency 

{GHz} 

sensitivity 

(dBm) 

dynamic 

range 

(dS) 

Instantaneous 

bandwidth 

(MHz) 

frequency 

accuracy 

(MHz) 

— 

environment 
density 
( lO^pps ) 

crystal  video 

PBKl 

-70  -  -80 

60 

multl-octlve 

1 

/ 

auperhet 

Fn-Q  M 

-75 - 100 

70 

10  -  1000 

1-10 

0.1  -  1 

IFM 

-55 - 70 

60 

2000  -  10000 

0.5  -0.75 

2-20 

channelized 

-80 - 100 

70 

multl-octlve 

1 

10  -  50 

activities  of  mmW  ESM  and  warning  system  are  concentrated  on  18-40  GHz 
band,  and  few  on  40-105  GHz  bands.  Typical  systems  such  as  the  US  MSQ- 
103A,WJ-1240,  1740  WJ-1925,  APR-39A,  UK  "SUSIE",  "Weasel",  "KATIE"  and 
Israel  EL/L8310  etc.  are  all  extended  to  40  GHz.  A  channelized  receiv¬ 
er  is  now  being  developed  by  Litton  Industries  INC.,  it  operates  from 
26  to  100  GHz.  NATO  are  now  planning  to  develop  a  mmW  radar  warning 
system,  which  operates  in  40-140  GHz.  It  is  expected  that  by  the  year 
2000,  troops  will  be  equipped  with  large  number  of  mmW  ESM  and  radar 
warning  receivers. 

As  viewed  from  the  primary  features  of  mmW,  it  is  even  difficult  to 
develop  mmW  radar  jamming  systems.  To  date,  mmW  jamming  systems  are 
being  developed  actively.  For  example,  a  mmW  jeunmer  is  being  developed 
for  ALQ-131  jamming  pods  and  SLQ-32  shipboard  ECM  system.  Integrated 
EW  system  (INEWS)  will  cover  microwave/mmW/laser  band.  US  Army,  Navy 
and  Air  Force  are  developing  20-95  GHz  airborne  radar  jammers.  US  DOD 
is  making  a  plan  to  develop  mmW/microwave  beam  weapons.  A  low  power 
beam  weapon  whose  power  will  be  3  orders  of  magnitude  higher  than 
existing  jammer.  These  beam  weapons  will  be  used  to  destruct  stealth 
targets  or  jam  onboard  electronic  equipment. 

TREND  OP  MMN  ECM  TECHNIQUES 

As  mmW  techniques  develop,  new  mmW  ECM  systems  are  being  developed. 
The  key  techniques  being  studied  include: 

1.  Frequency  Spread:  Frequency  range  of  radar  ESM  receiver  is  being 
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extended  to  TS-IOS  GHz  and  frequency  range  of  radar  janning  system  is 
breaking  through  40  GHz  and  94  GHz  windows. 

2.  Development  of  New  mmW  Solid-state  Devices:  The  emphasis  is  placed 
on  the  development  of  high  electron  mobility  transistors  (HENT)  in  18- 
94  GHz«  For  low-noise  devices,  their  gain  is  1>7  dB  at  36  GHz,  5  dB  at 
94  GHz,  and  they  have  potential  gain  at  frequency  up  to  200  GHz.  When 
used  as  power  devices,  they  have  output  powers  of  1  H  and  100  mw  at  30 
GHz  and  60  GHz  respectively.  Therefore  it  is  possibly  that  HEMT  will 
become  main  mmW  solid  state  devices. 

3.  Active  Development  of  mmW  monolithic  IC  (MIMIC):  In  order  to  ac¬ 
tively  promote  mmW  IC  development,  USA  is  implementing  a  MIMIC  tech¬ 
nique  program  to  develop  l-lOO  GHz  GaAs  analog  circuit  chip  for  use  in 
EW  system.  Now  a  number  of  MIMIC  chips  have  been  developed  for  use  in 
ALQ-136,  -165,  INEHS  ECM  systems  and  Gen-X  and  AAED  expendable  decoy. 
Many  MIMIC  devices  such  as  94  GHz  monolithic  amplifiers,  oscillators, 
etc.  are  all  under  mass  production,  and  they  will  be  used  in  mmW  ECM 
systems. 

4..  Applications  of  Super-conductors  in  mmW  ECM  Systems:  Recently,  the 
most  active  development  field  lies  on  super-conducter  mixers,  super¬ 
conductor  antennas,  parametric  amplifier,  magnetic  flux  quantum- flow 
oscillators,  Josephson  detectors,  and  super-conductor  ICs,  etc.  These 
devices  provide  low  noise  temperature  and  extrabroad  band  capabili¬ 
ties,  so  they  are  considered  as  a  hopeful  mmW,  sub-mmW  Ic.;  noise  and 
power  devices.  It  is  expected  tbat  use  of  super-conductor  low-noise 
monolithic  receivers  can  largely  increased  detection  range  and  resolu¬ 
tion  of  ESM/ELINT  receivers,  so  they  are  especially  suitable  to  extra¬ 
broad  band  ELINT  reconnaissance  and  space  surveillance.  Multi-band  mmW 
imaging  array  can  be  configurated  by  using  super-conductor  technique. 
It  can  detect  targets  with  low  observable  signatures,  such  as  stealth 
target. 


ocmcLDSiaii 

In  a  word,  with  wide  applications  of  the  mmW  technology  to  weapon 
systems,  the  military  powers  have  brought  mmW  technology  into  programs 
of  developing  new  weapon  systems  one  after  another,  and  made  a  series 
of  plans  about  mmW  military  applications.  The  next  generation  of  ad¬ 
vanced  weapon  system  based  on  mmW  techniques  is  predicted  to  form  the 
main  threat  in  the  2000.  Facing  the  threat  from  the  coming  mmW  weap¬ 
ons,  we  must  pay  special  attention  to  the  developing  trends  of  mmW 
technology,  and  develop  mmW  ECM  ec[Uipment  as  quickly  as  possible.  Some 
novel  mmH  ECM  systems  will  arise  after  the  1990s'. 

martanrmrttfi 

1.  Intc; national  Countermeasures  Handbook,  1987  -  1990 

2.  JANE'S  Weapon  System,  1987  -  1990 
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INVESTIGATION  OF  FREQUENCY-SCANNING  CHARACTERISTIC  OF 
PERIODICALLY  LOADED  LEAKY-WAVE  ANTENNA  WITH  METAL  STRIPS 


Li  Guoding,  Shi  Changsheng,  Zeng  Zhihong 
(Department  of  Electric  Engineering, 
Tsingbua  University,  Beijing  China) 


INTRODUCTION 

The  periodically  loaded  leaky-wave  antenna  with  metal  strips 
shown  in  Fig.1  has  many  advantages,  snch  as  the  antenna  can  be 
convenienly  integrated  with  dielcctric-based  planar  integrated 
circuits  and  frequency- scanning  applications  can  be  realized  at 
millimeter  waves.  In  this  paper  we  conduct  theoretic  and 
experimental  investigation  in  frequency  scanning  characteristic  of 
the  leaky -wave  antenna.  By  means  of  Green  s  function  in  the 
Fourier  transform  of  spectral  domain  the  dispersion  equation  of 
the  leaky-wave  antenna  is  deduced.  The  relation  between  the 
complex  propagation  constant  along  the  leaky-wave  structure  and 
frequency,  the  geometry  of  the  strncture  and  pesmittivity  of 
dielectric-coated  conductors^  is  evaluated.  The  dispersion  curve  of 
the  leaky-wave  antenna  shows  that  there  is  mode-coupling  effeets 
between  the  spatial  harmonics.  The  relation  between  the  maximum 
radiation  angle  of  n=-1  spatial  harmonic  and  frequency  is 
calculated  and  verified  by  experiment. 

PROPAGATION  CONSTANT  OF  THE  PERIODICALLY  LOADED 
LEAKY -WAVE  ANTENNA 

The  structure  shown  in  Fig.  1  is  the  periodically  loaded, 
basically  slow,  traveling  wave  one.  The  thickness  and  the  length 
of  the  dielectric  slab  are  h  auid  L,  respectively,  d  is  the  length 
of  the  strip.  2w  is  width  of  the  strip.  The  propagation  constant 
of  the  leaky-wave  antenna  is  the  complx.  The  real  part  and 
imaginary  part  of  the  complex  determine  the  maximun  radiation 
direction  and  the  pattern  shape  of  the  antenna, 
respectively .Therefor  the  real  part  determines  froqueney  scanning 
characteristic  of  the  antenna.  The  strucfture  is  supposed  to  be 
infinite  extent  in  Y-Z  plane  and  only  TE  modes  are  excited.  The 
current  distribution  on  the  strip  in  the  Z-direction  is  supposed 
to  be' ‘ ’ 


Jy  (z)  =  (  exp  (- jkz  0  2)  /  (k,  (w' -z’ )**■-)  1  £  (-j)  ■■  A.  cos{  w,  (z+w)  )  (1  ) 


Where  i=z-nd  {n=0 , +  1  , ±  2 . . . ) 

w.  =  v  n  /(2w)  (0,1,2...) 

A.  is  the  coefficients  of  the  Fourier  series 
kz(,  =  ^  -fjo  IS  the  fundamental  propagation  constant 
By  means  of  Green' s  function  in  the  Fourier  transform  of  spectral 
domain  the  dispersion  equation  of  the  structure  is'*’ 
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1  r  G(^  .  ,k*o)F.  (^  .)(  ^  «wsin(nJi  /2-t  „)  )/(  (nn  /2)»-{^  .w)M  1=0 

(2) 

(V  =0,1, 2, 3...)  (»i=0,1  ,2,3..) 

where  G( ^  « ,ki  # ) =( jk( o  > ♦kj i , ctgCk,  ,  , b) ) '  ' 

F,  (S  »)  =  (n  /2)(  J«  (5  nW*(v  R  /2))  +  {-1)'J.  .w-(v  n  /2) )  ) 

^  n=2nn  /d  Jo (x) :the  Bessel  function 

2  2  7  ^ 

ic  t  0  J  “  (it*  0  ^  ^  ^  it|  I  )  “  c  r  Jto  “  (it*  0  ^  ^  »  )  * 

Ko  is  the  free  space  propagation  constant 

The  solution  of  complex  kt  a  satisfying  Eg. (2)  yields  the  desired 
conplex  wavenumber  for  the  leaky-wave  antenna.  Plots  of  real  part 
^  and  imaginary  part  a  of  the  propagation  constant  kt  o  from 
Eg.  (2)  are  shown  in  Fig. 2  where  2w=1mn,  d=3nm,  h=1 .5ma  e  ,=16. 
Fig. 2  shows  that  there  is  mode-coupling  effects  between  the 
spatial  harmonics  and  the  stop  band  appears.  The  dispersion  curve 
for  the  dielectric  slab  on  a  perfectly  conducting  ground  plane 
without  any  metal  strips  is  given  in  same  figure. 

FREQENCY-SCAirHIHG  CHARACTERISTIC  OF  THE  PERIODICALLY 
LOADED  LEAKY -WAVE  ANTENNA  WITH  METAL  STRIPS 

The  leaky-wave  antenna  shown  in  Fig.1  is  regarded  as  an  array 
composed  of  thin  metallic  rectangular  strips  which  is  excited  by 
the  slow  wave  structure.  Every  strip  is  a  radiation  element.  By 
theory  of  antenna  array,  the  maximun  radiation  angle  of  n-th 
spatial  harmonic  is  6  . (See  Fig.1}  and 

P  X  0 

0  B-Sin'  '  ( -  +  ■■  n)  n=0,  ±1,  ±2... 

ko  d 

In  order  that  6  .  is  located  in  visible  region,  p  ,  ko ,  X  ,  ,  d  and 
n  must  satisfy 

P  X  0 

-  +  -  n  <  1  (3) 

ko  d 

In  the  basically  slow  periodically  structtu^e  ( p  /ko )  >  1 , 
therefor,  in  eguation  (3)  n<  0,  i.e. 

P  'A  0 

- |n| -  <  1 

ko  d 

(4) 


|n|  d  |n| 

-  <  -  <  - 


We  hope  that  only  the  pattern  of  n-th  spatial  harmonic  is  located 
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in  visible  region  then 


|n+1  1 
-  < 


d  |n-11 

- <  - 

k.0 


(5) 


usually,  n=-1  spatial  harnonic  is  located  in  visible  region,  X  o/d 
Bust  satisfy 


d  2 

- < -  (6) 

X  «  p 

-  +1 

k. 

Condition  (6)  shows  that  when  n=-1  spatial  is  located  in  fast  wave 
region,  other  spatial  boarnonics  are  located  in  slow  wave  region 
in  the  Brillouin  diagran.  The  relation  between  theoretical  results 
of  the  angles  6  „  and  freguencies  are  shown  in  Pig. 3,  The 
experinsntal  values  are  given  in  sane  figures.  As  seen  from  Pig. 3 
the  experinental  results  are  in  very  good  agreenent  with  our 
theory  and  the  rate  of  fregueney  scanning,  ten  degrees  per  GHz, 
can  be  realize  by  use  of  the  leaky-wave  antenna. 

COMCLUSION 

The  periodically  loaded  leaky-wave  antenna  with  netal  strips 
has  good  fregueney  scanning  ch2uracf teristic .  In  this  paper  by 
neans  of  Green*  s  of  spectral  donain  the  dispersion  eguation  of  the 
leaky-wave  antenna  is  deduced  and  the  relation  beftween  the 
coaplex  propagation  constant  and  fregueney  is  obtained.  Condition 
of  single  pattern  scanning  is  found.  The  relation  between  the 
maxinun  radiation  angles  8  ,  of  n=-1  spatial  harnonic  and 
freguencies  are  conputed  and  neasured.  The  experinental  results 
eure  very  good  agreenent  with  theoritical  results.  Rate  of 
fregueney  scanning,  ten  degrees  per  GHz,  can  be  realize  by  use  of 
the  leaky-wave  antenna. 
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IN'FTjOEJJCE  OP  ELECTROM\GNEnC  WAVE  ON  ENCAremATEO 
SEMICONEUCTOR  DEVICES 

Kama  Huang  and  Yongxua  Yu. 

(Oempartment  of  Radio  and  Electronics  of  Sichuan  University 
Chengdu,  610064,  People's  Republic  of  China) 

XBy  TBiiMS 

Electromagnetic  wave(E!rU'),  Seinlconductor  Devices ,  Parameters  Degradation 
.VDSTRiVCT 

This  paper  illustrates  that  electromagnetic  waves  radiations  can  cause 
the  parameters  degradations  of  encapsulated  sensitive  semiconductor 
devices  and  decrease  the  preliminary  failure  time.  It  is  also  proved 
that  we  can  make  use  of  the  electromagnetic  wave  radiation  to  got  rid 
of  the  preliminary  failure  encapsulated  semiconductor  devices. 

1.  INTRODUCTION 

More  and  more  encapsulated  semiconductor  devices  are  applied  and  many 
of  them  work  in  the  surroundings  of  electromagnetic  radiation.  But  the 
influence  of  the  radiation  on  these  devices  has  not  attracted  enough 
attention.  Experiments  show  that  when  aosie  encapsulated  semiconductor 
devices  are  radiated  by  electromagnetic  wave  with  certain  strength, their 
parameters  may  change  and  the  preliminary  failure  time  will  decrease. 
Obviously,  for  some  sensitive  devices,  the  above  changes  will  influence 
the  reliability  of  these  devices  in  the  application.  On  the  other  hand, 
the  influence  also  makes  it  possible  for  us  to  get  rid  of  the  prelimi¬ 
nary  failure  semiconductor  devices.  Because  the  period  of  millimeter 
waves  and  subiblllimeter  waves  is  comparable  to  the  mean  free  time  of  the 
semiconductor  material,  it  can  be  expected  that  some  now  results  will 
be  found  when  the  semiconductor  devices  are  radiation  by  millimeter  and 
sub-millimeter  waves. 

2.  INPUIENTE  ON  P:lRAMETEnS  OF  SEMIOONDl’FTOR  DEVTOES 

When  encapsulated  semiconductor  devices  are  put  in  TEM  cell  and  radia¬ 
ted  by  a  standard  even  TEM  wave,  the  parameters  of  them  will  change.  It 

may  be  explained  from  the  solutions  of  dynamic  Eq.  'If  carrtresflj: 


7 
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d(n<n^)/dt+m*Vjj/T.„»-q(E+\^xD) 

d(nrf^Vj)/dt+mp^/T„«q(E+v<jxC)  (2) 

Where  t,„  is  the  mean  free  time,  and  are  the  masses  of  hole  and  electron 
respec  ti  ve  ly . 

Supposing  E  is  X-direction  and  B  is  Y-direction,  if  the  angular  frequen¬ 
cy  of  electromagnetic  wave  is  w  l/ttn»  the  solutions  of  Eq.  (  l)  and  Eq. 

(2  >are[l];  ^n,  **P(  Jwt) 

’’''n,  p ( )  *^'n.  ^  ) 

Where  ’''^n,  p( p^ '’*P(  ) 

An ,  p ( pi  VT„ ) -qE„  V  p 

Bn,p(«)-J''qBo'rm/(2Jw+l/T^)M*  p-qB^T2/2M^,p  •A^(w) 
is  a  constant  decided  by  the  experiment. 

•'nip 

These  solutions  show  that  under  the  radiations  of  TEM  wave,  carriers  in 
the  seinicondutor  devices  move  in  three  directions.  First,  carriers  move 
along  Y-direction,  this  movement  produces  a  charge  accumulation  effect 
2  and  forms  an  additional  electric  field  and  the  changes  of  parameter. 
Second,  carriers  ocsillarate  along  X-  and  Z-directions  and  produce  Joule 
heat  effect.  The  second  effect  leads  to  harmful  temperatuie  rise  inside 

the  devices.  The  changes  of  parameter  of  JOlBBS  transistors  under  radia¬ 
tion  of  TEM  waves  are  shown  in  table  1.  In  this  table,  fifty  3G1688 
transistors  in  CJroup(  \)  are  put  in  the  TEM  cell,  while  other  fifty  3G— 
1683  transistors  in  Group  13  are  preserved  out  of  the  cell. 

3.  IXFTJLEXCE  ON  THE  RELI.\BIT,ITY  OE  SEMICONDUCTOR  DEVICES 

Experiments  show  that  the  parameter  degradation  speed  is  decided  by  Arr- 
henidis  equation  12  3.  The  two  effects  cause  the  parameter  degradtion. 
first,  carriers  absorb  energy  from  TEM  waves  and  the  activation  energy 
decreases;  Second,  Joule  heat  effedt  increases  the  temperature  inside 
the  devices.  Arrhenius  Eq.  shows  that  both  of  the  aKrove  effects  can  qui¬ 
cken  the  degradation  of  device  parametars.  The  preliminary  failure  of 
3G1688  transistor  is  shown  in  FTG.i.  From  FIG.i  we  see  that  the  prelimi¬ 
nary  failure  time  of  the  devices  under  the  radiation  of  electromagnetic 
waves  is  obviously  less  than  that  in  the  high  temperature  enviornments . 
Therefore  we  may  get  rid  of  the  preliminary  failure  devices  with  eleo- 
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Tab  le  1 . 
TEM  wave 


C 


301688  transistor  parameter  changes  under  radiation  of 


Experiment  graps 

Maximum  Parameter 

degradation 

Experiment  condition 

Vices  BVcbo 

BVceo 

BVgijo 

(A) 

10?i 

V/> 

6‘K. 

1^ 

f  .  125  MHz 

E  ■  290v/M 

T  -  ITC 
t  ■  22  hours 

(B) 

2'^ 

Xji 

1% 

1%  . 

Ttfjble  X. 


rig.l.  Preliminary  failure  time  of  3G1688  at 
different  conditions 
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troraagnetic  waves 


4.  CONCLUSION 

In  order  to  improve  the  reliability  o-f  semiconductor  devices  in  electro¬ 
magnetic  enviomraents ,  it  is  necessary  to  reaserch  the  influence  of  elec¬ 
tromagnetic  waves  with  different  strength  on  the  devices  at  different 
frequency.  Because  the  period  of  millimeter  and  sub-millimeter  waves  is 
comparable  to  the  mean  free  time  of  semiconductor,  the  condition  w<<l/tm 
can  not  be  satisfied,  therefore  those  solutions  based  on  Eq.  (l)  and  Eq. 
(2)  must  be  adjusted. 
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SOME  TOPICS  ON  ECRM  THEORY 
Liu  Shenggang 

( Umvrsiiy  of  Electronic  Science  and  Technology  of  Ckaa ,  Chengdu ,  Sichuan 
610054, P.R.  China) 

ABSTRACT 

Three  important  topics  on  the  theory  of  Electron  cyclotron  Resonance  Maser  have  been  studied  and  the  main 
results  are  given  in  the  paper.  The  topics  are  i  Kinetic  Theory  of  ECRM  with  Asymmetry  Between  Electron 
Beam  and  Cavity  j  Kinetic  Theory  of  ECRM  with  Agimuthal  Standing  Wave  and  The  Theory  of  Electron 
Bunching  in  the  Drift  Region  with  Adiabaticai  Increasing  Magnetic  Field. 

INTRODUCTION 

As  the  development  of  ECRM ,  the  following  required  has  been  suggested  in  the  design  of  gyrotrons ; 

•  Output  power  of  a  gyromonotron  is  equal  or  greater  than  IMW 

•  High  efficiency 

•  Single  mode  operation 
and  so  on. 

This  is  a  very  critical  condition  for  the  design ,  manufacture  and  theoretical  study  of  gyrotrons.  When  the 
operating  wave  length  is  very  short  with  very  high  power  output  ,  whispering  gallery  modes  should  be 
applied.  This  results  some  important  theoretical  and  practical  problems ; 

When  the  azimuthal  number  of  waves  m  is  large,  which  one  may  be  maintained  in  a  ECRM - azimuthal 

traveling  waves  or  azimuthal  standing  waves? 

On  the  other  hand,  when  the  operating  wave  length  is  very  short  with  high  output  power,  a  single  mode 
operation  and  high  efficie  cy  is  required.  In  this  case,  the  condition  that  the  hollow  gyroting  electron  beam 
is  in  coincidence  with  the  waveguide  axial  of  the  cavity  is  very  critical.  But  in  some  cases,  for  example, 
some  dis-  coincidence  has  been  observed  and  some  .interesting  phenomena  have  been  investigated 
experimentally  in  the  Research  Lab  in  KfK  of  Germany.  So  it  seems  very  interesting  to  work  out  a 
theoretical  description  about  the  influence  of  this  asymmetry  on  the  characters  on  gyrotron. 

Besides",  the  self-oscillation  induced  by  feedback  is  a  serious  problem  in  the  development  of  gyroklystrons 
When  the  author  was  giving  lectures  in  University  of  Tennessee, Prof.  I.  AJexeff  suggested  the  new  idea  of 
applying  the  gradient  magnetic  field  in  the  drift  region.  It  seems  very  interesting  and  important  to  study  the 
azimuthal  bunching  of  electron  beam  in  this  kind  of  drift  region. 

The  paper  concerns  on  the  above  three  important  theoretical  problems,  a  detail  analysis  is  taken  out,  anr 
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me  important  omclusions  are  obtained. 

KINETIC  THEORY  OF  ECRM  WITH  ASYMMETRY 
BETWEEN  ELECTRON  BEAM  AND  CAVITY 


netic  theory  of  ECRM  and  gyrotron  with  asymmetry  between  e-beam  and  cavity  has  beer.  oui  in 

is  section  t  considering  the  relation  between  the  wave  guide  coordnate ,  electron  beam  coordinate  and  the 
iding  centre  coordinate,  by  applying  the  method  of  integration  along  the  unperturbed  trajectory,  the 
rturbed  distribution  function  of  electron  beam  is  derrived  as: 

I  < 
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/  applying  the  method  shown  in  Cl~3],  the  dispersion  equation  may  be  carried  out. 
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n  the  basis  on  the  above  results, the  beam-wave  interaction  in  a  gyromontron  has  also  been  studied.  By  a 
iries  complex  derrivation  ithe  starting  current  and  frequency  shift  of  a  gyromontron  with  asymmetric 
etween  electron  beam  and  cavity  are  obtained : 
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\ccording  to  the  above  theory.  Dr.  Q.  Dumbrajs  of  KfK  in  Germany  has  taken  out  a  detail  numerical 
inatysis.  the  results  shown  that  the  asymmetry  influenced  the  operation  of  a  gyrotron  seriously. 


KINETIC  THEORY  OF  ECRM  WITH  AZIMUTHAL  STANDING  WAVES 


The  kinetic  theory  of  ECRM  and  gyrotron  with  agimuthai  standing  waves  has  been  carried  out  in  this  section 
.  By  applying  the  method  similiar  to  [3~53,the  dispersion  equation  has  been  derrived  as; 
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The  a2imuthal  standing  wave  in  an  ECRM  may  be  decomposed  as  two  opposite  .otating  waves,  the  left- 
hand  rotating  wave  and  the  right-hand  rotating  wave.  The  analysis  shown  that  the  right-hand  rotating 
waves  give  the  right-hand  cyclotron  harmonics  and  the  left-hand  rotating  waves  produce  the  left  hand 
cv’clocron  harmonics  .  It  turns  out  that  the  beam-wave  interaction  mechanisms  of  these  two  rotating  waves 
are  different  from  each  other.  From  the  above  dispersion,  it  shown  that  the  contribution  of  the  left-hand 
rotating  waves  to  the  dispersion  equation  is  less  than  that  of  the  right-hand  rotating  waves.  In  particular , 
the  growth  rate  of  the  instability  due  to  the  left-hand  rotating  waves  is  less  than  that  due  to  the  right-hand 
rotating  waves  .  It  turns  out  that  the  field  pattern  of  the  azimuthal  standing  waves  could  not  remain 
unchange  during  the  process  of  beam-wave  interaction. 

ELECTRON  BUNCHING  IN  THE  DRIFT  REGION  WITH  ADIABATICaL 
INCREASING  MAGNETIC  FIELD 

The  author  and  Prof.  I.  Alexeff  suggested  a  new  kind  of  ECRM :  Irrational  Gyroklystron.  The  property  of 
this  kind  of  klystron  is  :  The  magnetic  field  in  the  drift  region  is  adiabatical  increasing  .  The  azimuthal 
bunching  of  electron  beam  in  this  case  has  been  carriced  out  here,  the  interaction  power  and  oscillation 
frequency  are  also  given.  It  shows  that ,  there  is  not  coupling  between  the  input  and  output  signals ,  because 
the  input  and  out7Jt  frequencies  are  irrational,  the  powwibility  of  self-osci’.Iation  inciuede  by  feeaback  is 
greatly  reduced.  So  that ,  this  kind  of  gyroklystron  has  much  potential  for  practical  application ,  and  should 
be  studied  in  detail. 

CONCLUDSION 

The  influence  of  asymmetry  between  electron  beam  and  carity  on  the  ECRM ,  the  azimuthal  standing  waves 
in  ECRM  and  electron  bunching  in  the  drift  region  with  adiabatical  increasing  magnetic  field  are  three 
jnportant  topics  in  theorecal  and  practical  applications.  Theoretical  studies  on  these  h^ics  are  given  in  the 
paper  a  detail  descussion  has  also  been  taken  out ,  and  some  important  conclusions  are  obtained. 
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Investigation  of  a  Free— Electron  laser  with  an 
Electromagnetic  Wiggler 

Liang  Zhengiti  Jiayin,Z/iang  3in,Wu  Jianqiang , 

Ma  WenduOtYang  Ziqiang  ,Deng  Tianquan, 

Chen  XinyUtZhou  Xiaaian,Sun  Jiakong  and  Liu  Shenggang, 

High  Energy  Electronics  Research  Institute 
University  of  Electronic  Science  and  Technology  of  China . 

Chengdu  61 0054  .Sichuan  P.  R.  C 
Digest 

A  great  deal  of  attention  has  been  focused  on  the  free~eIectron  laser  with  an  electromagiictic  wiggler  (EM 
—FED  in  recent  years  due  to  the  potential  of  shorter  wavelength  operation  than  the  free— electron  laser  with  a 
magnetostatic  wiggler  with  electron  beams  of  relatively  modest  energy.  In  principle  .the  EM— FEL  can  generate 
any  given  frequency  radiation  from  microwaves  to  the  ultraviolet  with  electron  beam  of  modest  energy  using  a 
variety  of  wavelengths 'electromagnetic  wiggler. 

Theoretical  analysis  and  experimental  investigation  of  the  EM  — FEL  with  the  relativistic  microwave - 
devices  as  the  electromagnetic  wiggler  have  been  deeply  developed  for  the  past  ten  years.  The  0.  4— mm  laser 
was  generated  with  2  — cm  relativistic  gyrotron  as  the  electromagnetic  wiggler  .  by  V.  L.  Granatstein .  et  al.  in 
1977.  In  1983  and  1984.  Y.  Carmel  etal.  and  G.  G.  Denisov  et  al.  observed  the  powerful  radiation  at  millimeter 
wavelengths  with  a  relativistic  backward  wave  oscillator  (BWO)  at  3  — cm  as  the  electromagnetic  wiggler. 
respectively.  In  1985iBratman  et  al.  reported  the  general  theory  on  stimulated  emission  of  the  powerful 
relativistic  electron  beam.  And  R.  L.  Kehs  et  al.  studied  experimentally  the  EM  —  FEL  with  BWO  as  the 
electromagnetic  wiggler  and  observed  the  three  —  wave  interaction  mechanism  involving  cyclotron  —  harmonic 
idler  waves. 

In  1987  B.  G.  Danly  et  al.  presented  an  EM  — FEL  configuration  with  mm  —  wavelength  gyrotron  as  the 
pump  source  and  simulated  the  parameters  .  Afterward  some  of  theoretical  questions  of  this  configuration  •  such 
as  electron  orbits. linear  gain  and  so  on.was  studied  by  H.  P.  Freund  et  al.  In  particular. T.  S.  Chu  et  al. . 
first  reported  the  experimental  results  of  the  EM  — FEL  with  a  gyrotron  as  the  electromagnetic  wiggler. of 
which  the  operation  wavelength  was  2.  4— mm  and  the  normalized  vector  potential  0.  0057. 

Cur  experiment  was  designed  to  investigate  stimulated  Raman  millimeter— wave  scattering  in  the  presence 
of  a  constant  axial  guide— magnetic  field.  The  experiment  arrangment  is  shown  in  Fig.  1.  A  voltage  pulse  (70ns. 
0.  6MV)is  applied  to  a" cold" field  — immersed  cathode.  A  resultant  3~5  KA  annular  eletron  beam  is  injected 
axially  into  the  evacuated  drift  tube  along  the  lines  of  the  externally  applied  guide  —  magnetic  field.  The  beam 
passes  through  the  regions  of  the  FEL  interaction  and  the  electromagnetic  pump  source. then  is  captured  by  the 
collector. 

High  powerful  microwave  is  first  generated  by  a  BWO  at  3cm  in  the  region  of  EM  pump  soutce.then  the 
same  intense  relativistic  electron  beam  interaction  with  the  electromagnetic  wiggler  in  the  region  of  FEL 
stimulates  FEL  radiation  which  can  be  detected  by  a  detector  in  front  of  the  output  window. 

The  FEL  output  wavelength  for  an  electromagnetic  wiggler  having  a  frequency  tu,  is  given  by 

w,  (1) 

where 
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Here,  v,/C  (v.  denotes  the  axial  eletron  —  beam  velocity),  7^  =  (1 is  light  velocity  .  wm 
represents  the  mode— dependent  cutoff  frequency  of  the  interaction  waveguide. and  where  v,*  is  the 

phase  velocity  of  the  pump  wave.  The  starting  current  I  for  the  EM— FEL  is  governed  by 
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where  S  u  the  aree  of  the  transverae  crosa  ~  section  of  the  interaction  region >L  the  interaction  length,  A, 
wavelength  of  the  pump  wave, 7  the  relativistic  factor, Q.  the  oscillation  quality  of  laser  cavity  and  P  the  power 
of  the  pump  wave. 

The  basic  system  of  radiation  diagnostics  is  shown  in  Fig.  2.  In  this  scheme, the  parameters  of  the  pump 
wave  drived  by  BWO  is  detected  by  3— cm  dispersive  waveguide,  the  8— mm  radiation  is  measured  by  8  — nun 
dispersive  waveguide  ,and  the  stimulated  3— mm  scattering  radiation  is  directly  demonstrated  by  a  3— mm  wave 
detector  .  The  output  signal  waveforms  of  the  EM— FEL  are  shown  in  Fig.  3  and  Fig.  4.  And  Fig.  5, Fig.  6  as 
well  as  Fig.  7  show  the  corresponding  waveforms  of  the  pump  wave  generated  by  BWO, beam  voltage  and 
current,  respectively. 


The  experimental  results  are  given  in  Table  1. 

Table  1  Experimenml  results  of  the  EM— FEL  developed  in  UESTC 

designed  value 

measured  value 

electron  beam  voltage 

0.6MV 

0.6MV 

electron  beam  current 

>2KA 

3~5KA 

wavelength  of  the  pump  wave 

3. 0cm 

—3. 0cm 

power  of  the  pump  wave 

>50MW 

~100MW 

mode  of  the  pump  wave 

TM.. 

TM,> 

scattered  wavelength  of  the  FEL 
radiation  power  of  the  FEL 

'—3mm 

>10KW(at  3mm— band) 

3— 8mm 

The  governing  equations  for  the  electron  beam  interaction  with  waves  of  the  EM — FEL  configuration  shown 
in  Fig.  1  are 
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Here.W  denotes  the  lost  energy  of  the  electron  in  motion, ftr and  9, are  electron  phase  corresponding  to  the  pump 
wave  and  scattered  wave, respectively ic,  and  a,  normaliud  field-amplitudes. 

The  compute tive  results  by  use  of  the  equations  (4)  —  (9)  are  shown  in  Fig.  8.  It  demonstrates  the 
saturation  times  for  the  power  of  the  pump  wave  and  the  FEL  scattering  <C20ns. 

The  work  reported  here  is  the  achievements  in  the  EM— FEL  developed  in  UESTC  since  1987.  On  the  basis 
of  these  work, new  experimental  configurations  will  be  proposed  for  characteriting  and  optimiting  the  FEL 
emission. 
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Fig.  1  The  baeic  experimental  configuration  of  the  EM— PEL  developed  in  UESTC. 


1.  pulseline  accelerator  2.  bellows  3.  cathode  4.  anode  5.  wave  cut-off  region  6.  olow— wave  structure  for  BWO 
1.  output  horn  8.  relativistic  electron  beam  9.  output  window  10.  cathode  region  magnetic  —  field  11.  m.in 
magnetic  field  12.  vacuum  cover  13.  FEL  interaction  region 


Fig.  2  The  basic  system  of  radiation  diagnostics 

1.  output  window  2.  3-cm  dispersive  waveguide  3.  8-mm  dispersive  waveguide  4.  3-mm  wave  detector  5.  digital 
oscillator 


Fig.  3  Radiation  signal  detected  by  8-mm  dispersive  waveguide  corresponding  to  0.  6MV  beam  voltage  and 
lOKGs  magnetic  field. 
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Fig.  4  3  -mm  FEL  stimulated  scattering  signal. 


Fig.  5  The  pump  wave 


waveform  out  of  BWO. 


Election  beam  voltage  is  0.  6MV  and  axial  guide  magnetic  — field  lOKGs. 


Fig.  6  Waveform  of  the  electron  beam  voltage.  Fig.  7  Waveform  of  the  electron  beam  current. 

P(MW) 


Fig.  8  The  calculated  starting  charateristic  suitable  for  the  EM— FEL  configuration  shown  in  Fig.  1. 
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TBE  CLINOTBOII 

6.  Ya. Levin.  A.  Ya.  Klrlcdienko.  A.  1.  Borodkin. 

S.  A.  Churilova  and  A.  Ya.  Usikov. 

Institute  of  Radiophysics  and  Electronics, 
the  Ukrainian  Acadeny  of  Scimaces 
12,  Acad.  Proskura  st. ,  Kharkov.  310085  Ukraine 

The  clinotron  belongs  to  a  special  class  of  ailliaeter  *«ave 
sources.  Soon  after  the  invention  of  the  backward -wave  oscillator  (BHO) 
it  becaae  clear  that  the  sane  physical  principles  could  not  be  applied 
to  tfeneratins  ailliaeter  or  subailliaeter  wavelength  radiation, 
especially  at  aedlua  and  hifi:h  power  levels.  Therefore,  scientists  and 
engineers  had  to  reexaaine  the  generation  aethod  and  began  seeking  new 
ways  of  developing  efficient  euid  practicable  systeas. 

In  this  paper,  a  new  aechaniaa  of  beaa-wave  interaction  is 
suggested  which  can  allow  to  develop  BNO-like  devices  for  the  use  up  to 
The  authors  have  found  that  a  "thick**  electron  beaa  slightly 
inclined  with  respect  to  the  slow  wave  structure  is  capable  of  highly 
efficient  interaction  with  the  field,  thus  being  suitable  in  ailliaeter 
and  particularly  subailliaeter  wave  generators  and  aaplifiers.  This 
kind  of  interaction  between  a  slow  traveling  electroaagnetic  wave  and  a 
finite- thickness  electron  becua  has  been  named  "clinotron  interaction", 
and  the  tube  oKUciug  use  of  this  aiechanisa  is  called  the  clinoton  til* 
Tlie  Russian  "din"  neans  "wedge".  The  oscillator  described  in  this 
paper  should  be  of  interest  to  aany  readers  because  of  such  advantages 
as  stiructural  simplicity ,  sufficiently  high  output  power,  broad  band 
electrical  control  and  moderate  requirenents  to  power  and  magnetic 
field  supplies. 

Let  us  examine  the  disadvant^es  of  the  beam-wave  interaction  in  a 
BWO.  The  maximum  output  power  is  obtained  if  the  electron  beam  is 
parallel  to  the  periodic  system  plane,  Emploirment  of  a  beam  with  a 
greater  cross- section  area  thaui  the  effective  r.  f.  modulation  area 
leads  to  no  effect.  For  this  reason  the  microwave  power  transferred  by 
the  electron  beaa  is  limited  at  millimeter  wavelengths. 

In  contrast  to  the  TWT.  the  electron  beam  is  introduced  in  the  EMO 
in  to  a  powerful  field  decreasing  toward  the  collector.  The  drift  of 
the  electron  beam  down  the  tube  is  accompanied  by  formation  of  bunches 
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in  tlie  moviag  baaa,  with  ov«rbujichiJic  at  tiaas.  Tha  aajor  part  of 
electroos  runainff  1—adiataly  close  to  the  circuit  are  intercepted  hr 
that  because  of  their  transverse  velocities,  idiich  aay  be  of  theraal  or 
other  orijcin.  As  a  result, an  eapty  space  appears  between  the  beaa  and 
the  slow  wave  structure.  The  aajority  of  the  beaa  electrons  aove  at 
soae  distance  froa  the  slow  wave  structure,  i.e.  in  a  wsak  r.f.  field. 

Consider  an  electron  beaa  of  thickness  d,  inclined  at  an  ancle  ¥> 
to  the  axis  of  the  slow  wave  stractare  surface.  The  general  seoaetxy  of 
the  beaa  and  the  circuit  are  shown  diacTwanatically  in  Fic.L.  bet  the 
r.  f.  field  be  constant  alone  the  circuit,  as  well  as  and  in  the  layer 
of  thickness  6iiei/2i3,  idiere  ft  is  the  propacation  constant.  Note  the 
layer  thickness  to  be  about  of  1/150X.  where  X  is  the  free-space 
wavelencth.  ffe  further  assuae  that  the  thick  beaa  consists  of  n  Layers 
of  thifdcness  ?<<5,  the  interaction  efficiency  of  each  layer  beine 
The  field  -  layer  interaction  length  is  the  drift  length  1.  The  total 
Interaction  power  of  the  whole  beauR  is  proportional  to  the  prodnet  of 
the  interaction  power  P.  for  individtial  Layers  and  the  quantity  of 
layers  (n) , 

P  =  P^  n  ( 1 ) 

This  allows  increasing  the  genera \:ed  power  level  froa  a  few 
milllMstts  to  a  few  watts,  avoiding  overbunches  in  the  aoving  charge. 
Provided  the  beaa  thickness  has  been  chosen  correctly,  the  optinua 
inclination  angle  .  of  the  beam  is 

opt 


Fig.l  Fig.  2 
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<P  =  arc  tan  d/L,  (2) 

Qpt 

where  L  is  length  of  the  circuit.  A  maxiaua  of  radiated  power  is 
observed  at  the  aiMile  ^  , 

opt 

In  Fig. 2,  experimentally  measured  values  of  the  optimum  angle  are 
given  as  a  function  of  d/L.  The  solid  curve  is  for  <>  ,(d/L)  as 
calculated  from  equation  (2). 

Fig. 3  shows  experimental  dependences  of  the  generated  power  level 
P  normalized  to  the  maximum  generated  power  P  (in  the  clinotron  mode) 
for  different  free  space  wavelengths  i.  as  functions  of  p/P  The 

Opt 

solid  lines  are  only  guides  to  the  eye.  It  should  be  noted  that  the 
slope  of  P/F  ip/p  ,)  becomes  greater  as  the  free- space  wavelength 

mox  opt 

is  decreases.  Furthermore,  the  radiation  power  at  X  <  6  mm  of  a  beam 
parallel  to  the  plane  of  the  periodic  circuit  is  equals  to  zero. 

If  the  beam  electrons  drift  along  helical  trajectories  down  the 
tube,  then  it  is  necessary  to  incline  the  electron  flow  at  the  angle 
w  .  with  respect  to  elements  of  the  periodic  structure.  Tlie  helix  axis 

opt 

is  in  the  plane  parallel  to  that  of  the  periodic  structure. 

The  minimum  starting  current  (I  .  )and  maximum  output  power  (P)  are 
achieved  when  the  angle  P  equals  l^opt^  ‘  Fig. 5,  we  show  the 

dependences  of  and  Ponv'(X  =  8,2flun;H  =  5  K6auss).The  sign  of 
(i.e.  either  plus  or  minus)  depends  on  idiether  the  “North”  (solid 
curves)  or  “South“  (dashed  curves)  pole  of  the  magnet  is  placed  near 
the  collector.  The  optimum  beam  dine  angle  ¥  .  defined  as 

Opt 


1 

0.8  V 

0.6q^ 

01 
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(3) 


r  I.  i/hr) 

Iv^l  =  .rc  t«,  5 

where  r  end  b  ere  -the  radlns  end  ienrth  of  the  hellcel  electron 
treiectory  turn,  respectively,  end  and  t(/}r)  are  eodlfied 
Bessel  functions  of  the  zeroth  end  first  orders,  respectively.  This 
inclination  of  the  been  eay  prove  useful  if  e  broad  (anX)  periodic 
circuit  is  used. 

Noraally.  it  is  necessary  to  carefully  shape  the  clinotron  beaa 
structure,  in  particular  such  eleaents  as  rectilinear ity  of  electron 
trajectories,  uniforaity  of  the  current  density  throush  the  beaa  cross 
-section,  the  shaurpness  of  the  beaa  boundaries  and  constancy  of  the 
cross  section  area  alone  the  beaa.  All  these  requireaents  can  be 
satisfied  if  the  beaa  is  placed  asyaaetrically  in  the  interaction  space 
as  the  effects  of  beaa  boundary  pulsations  and  ionic  destruction  of  the 
electron  beaa  are  resK>ved. 

The  clinotron  type  interaction  of  an  electron  beaa  with 
electroaatfnetic  waves  has  been  investlsated  throughout  the  ailliaeter 
band  and  at  subailliaeter  wavelengths.  The  basic  specifications  are 
given  in  the  Table. 


Tuning  range 

Wavelength,  mm 

8+8,7 

4+4,5 

2+2,3 

1,5+1, 7 

0,8 

«gm 

Operating 

voltage.  kV 

2.5 

3,5 

3,5 

3,5 

5,5 

5,5 

Beam 

current,  A 

0.25 

0,25 

m 

0.25 

mm 

Net  output 

power,  W 

5+30 

3+20 

1+5 

0,5+1, 5 

0. 1+0,5 

0.03+0,1 

Magnetic 

field,  kGs 

3,0 

3  5 
o ,  J 

3.5 

5.0 

7.0 

9.0 

As  can  be  seen  from  the  material  presented,  clinotrons  are 
characterised  by  higher  performance  parameters  and  simplicity  of 
embodiment  compared,  i.g,  with  the  "0"  type  BHD  (carclnotrons)  of 
Thomson  Tubes  Electroniques. 

1.  A.  1.  Borodkin,  A.  Ya.  Kiricheako,  6.  Ya.  Levin,  A.  Ya.  Usikov. 
S.  A.  Churilova.  The  Clinotron,  1992.  Nsukova  Duaka  Publ.  Co..  Kiev. 
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ABSTKACT 

The  theory  is  developed  for  nonautonomous  oscillation  modes  in 
the  Smith-Purcei 1  free-electron  lasers  and  mechanisms  of  their 
locking  with  the  aid  of  external  signal  are  examined.  An  analysis  is 
made  of  the  synchronous  oscillations  stability  when  a  locking  signal 
spectrum  includes  more  than  one  component  emd  when  a  beam  is 
low-frequency  modulated.  It  is  shown  that  the  intensive  chaotic 
oscillations  may  arise  in  these  cases  thereby  resulting  in  the 
locking  mode  decay. 

1.  IKTRCMXICnON 

The  Smith-Purcell  free-electron  lasers  are  the  effective  sources 
of  electromagnetic  oscillations  in  a  wide  bandwidth  -  from  the 
millimeter  to  optical  ones.  The  oscillatory  system  of  such  lasers  is 
an  open  resonator  formed  by  two  metal  mirrors  one  of  which  is  covered 
bj'  a  diffraction  grating,  the  electron  beam  being  passed  nearby.  The 
laser  oscillations  may  be  locked-  in  by  supplying  the  external  signal 
into  the  resonator  [1-3]. 

In  the  present  paper  the  results  of  theoretical  studies  are 
generalized  concerning  the  locking  modes  in  the  lasers  including  an 
analysis  of  their  stability  to  different  perturbations.  New 
instability  mechanisms  have  been  found  and  analyzed  vrtiich  can  induce 
the  chaotic  oscillations. 
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2.  THE  lf(X>EL 


Being  foraulated  as  a  self-consistent  the  problem  was  based  on 
solving  the  Maxwell  and  particles  motion  equations  simultaneously. 
?ield  effect  of  the  beam  charge  had  been  also  taken  into  account. 
When  solving  the  system  of  equations  a  typical  case  has  been 
considered  when  the  following  requirements  are  satisfied:  a 

single-mode  excitation  of  the  open  resonator  is  realized  and 
radiative  life  time  of  particles  is  .such  less  than  the  field 
relaxation  time  [1.2].  The  study  of  resonator  oscillation  variations 
in  amplitude  and  phase  with  time  was  reduced  to  an  analysis  of  the 
system  of  ordinary  differential  equations  and  general  integral 
representations  are  obtained  for  the  coefficients  entered  into  the 
equations. 

3.  SYNCHRONOUS  OSdlXATIONS 

In  the  case,  when  the  laser  mode  locking  occurs  by  harmonic 
oscillations  the  general  expressions  have  been  deduced  for  the 
locking  bandwidth,  amplitude  and  power  of  synchronous  oscillations  as 
a  function  of  beam  and  resonator  parameters.  For  the  lasers  under 
consideration,  as  well  as  for  the  classical  oscillators,  the  locking 
bandwidth  A  may  be  expressed  as  fellows 


Where  /  and  P  are  the  frequency  and  power  of  the  self-excited  laser 

(A  a 

oscillations,  P^ ,  locking  signal  power,  Q,  Q-factor  of  oscillatory 
system,  K, coef f icient  dependent  on  the  other  parameters.  The  K  value 
is  found  to  be  considerably  greater  in  the  Smith-Purcell  lasers  over 
other  types  of  oscillators  that  may,  in  particular,  be  due  to  an 
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essential  non-isochronism  of  the  system.  Fig. 1  is  an  illustration  of 
the  time-varying  field  amplitude  behavior  at  different  values  of 
frequency  detuning  6  =  2Q  {f-  f  )/f  corresponding  to  synchronous 

S  A  A 

and  asynchronous  oscillations.  Here,  is  the  frequency  of  external 
harmonic  oscillations. 


Fig.l.  The  time-varying  field  amplitude  behavior  at  different  values 
of  frequency  detuning  6  corresponding  to  synchronous  (0.7  <  S  < 

1.2) and  asynchronous  oscillations. 

4.  CHAOTIC  INSTABILITY 

Systematic  studies  of  locking  mode  stability  have  show  that 
such  perturbations  as  additional  spectral  components  of  the  external 
signal  spectrum  [4}  and  low-frequency  parasitic  beam  modulation  [5] 
present  the  most  serious  problems  .In  these  cases  the  stochastic 


instability  may  arise  causing  the  intensive  oscillations  even  in  the 
weakly  nonlinear  system. At  multi  frequency  external  signal  ,  the 


stochastic  instability  development  appears  to  be  the  most  probable  if 
the  spacing  between  frequencies  approaches  closely  to  or  is 
fold. 

At  low-frequency  beam  modulation,  the  chaotic  instability  may 
arise  at  the  modulation  frequencies  even  much  more  less  then  A  which 
is  in  contradiction  with  a  traditional  representation  that  the 
chaotic  oscillation  should  not  arise  as  in  this  case  the  system  turns 
to  be  adiabatic  in  its  character.  Not  only  are  scenarios  and 
conditions  arising  the  chaotic  oscillation  in  the  cases  considered 
being  identified  but  the  corresponding  methods  are  developed  to 
prevent  their  initiation. 
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KAIlIAiDTTB  DAMPING  OP  TWO-DIMHJSIONAI,  PLASM0N5  IN  AN  OPEN  5TRUUTUHB 

WITH  A  MBTAI  GRATING 

O.R.Matov,  0.7. Polishchuk,  7.7. Popov 
Institute  of  Radioengineering  &  Electronics  of  the  Russian  Academy 
of  Sciences,  Saratov  branch,  410720  Saratov,  Russia. 

In  experiments  on  resonant  PIR  absorption  by  two-dimensional 
(2D)  plasmons  in  thin  semiconductor  space-charge  layers  [1]  a  me¬ 
tal  grating  (Pig.1)  with  periodicity  here  is  the 

electromagnetic  wave  length,  is  used  to  couple  PIR  radiation  to  2D 
plasmons  having  wave  vectors  q=2«m/L  (m=1 ,2,3, .  -  - )  •  This  means 

that  one  observes  2D  plasmons  at  the  centre  of  the  first  Brillouin 
zone  if  we  bear  in  mind  the  induced  band  scheme  of  the  periodic 
grating  structure.  As  it  is  known  [2],  these  plasma  waves  are 
subjected  to  additional  damping  via  radiative  decay. 

In  the  PIR  absorption  experiments  the  width  of  the  2D  plasmon 
resonance  is  about  three  times  larger  than  the  theoretical  value 
defined  by  the  dissipation  of  the  plasmon  energy  in  the  2D  plasma 
layer.  The  radiative  damping  is  expected  to  be  one  of  the  i>OBsible 
reasons  for  this.  On  the  other  hand,  the  radiative  decay  of  non- 
eiiuilibrium  2D  plasma  waves  is  a  promising  mechanism  to  be  used 
Tor  the  development  of  a  submillimeter  electromagnetic  wave  3?adi- 
ator  with  ti»e  emission  power  of  a  milliwatt  level  [3j. 

In  the  weak  coupling  approximation  it  lias  been  shown  [2]  that 
the  radiative  damxjing  is  expected  to  be  small  as  compared  to  the 
dissipative  one.  But  the  experimental  conditions  [1  ]  are  much 
beyond  tlie  limits  of  the  perturbation  theory  approach. 

We  have  calculated  the  frequencies  and  the  radiative  damping 
for  2D  plasma  waves  at  the  centre  of  the  first  Brillouin  zone  in 
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Pig.1  Struoture  under  oonaideration.  The  two-dimensional  plasisa 
layer  is  separated  from  a  metal  grating  by  a  dielectric  slab  with 
the  thiohnesa  d.  L  and  w  are  the  grating  periodicity  and  strip 
width,  respectively,  s^,  and  are  the  electrical 

permeabilities  of  the  media. 

the  strict  elec tromagne tic  approach.  Within  the  framework  of  this 
approach  the  metal  grating  is  ti^ated  as  a  plane  periodic  array  of 
perfectly  conductive  strips.  Galerkin’s  method  is  used  with  the 
expansion  of  the  current  density  distribution  on  the  strips  in 
terms  of  Chebyshev’a  polynomials  to  satisfy  the  edge  conditions  at 
the  edges  of  the  strips. 

2B  plaamons  witii  a  wave  vector  <i=2w/li  are  moat  strongly 

oouple<l  to  a  radiation  field  {1]  ahd  corresponding  resonance  is 

well  pronounced  in  the  PTR  absorption  experiments.  Pig. 2a  shows  the 

frequency  and  the  radiative  damping  of  Zh  plasmons  with  a 

wave  vector  q=2w/L  as  a  f.inotion  of  the  ratio  d/L,  whei^^  d  is  the 

t’/ilokness  of  the  dieleotrlo  slab.  The  radiative  damping  is  the 

nn<>st  considerable  {T./w.  ~  0-15)  when  dA#  -  lO"*.  for  values 

'  1 
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w/L=0.5 


d/L=0.05 


Pig. 2,  "Pi'Tsiivienoy  and  I'aJiabivti  «laniplng  of  2D  plawiions  witli  a  wav*5 
Vfsobop  <i=2uA'.  aa  a  funotuHi  oT  bh*^  ratio  dA,  (a)  and  ratio  w/D 
(i»).  8^=4,  8^=12,  N^=1.5  •JO“onr‘‘,  Ii=2»10 '’orn.  ia  tha 

frariuanoy  o"  2D  plaanion  at  bli*?  singl*^  intarrao*^  of  ip^stlia  2  and  3-ro 
and  w  ara  tht?  2D  plaamon  rivt,nii5noieB  for  t}i»?  flbntoburr;  wltiioub  any 
prating  and  wit’n  a  oontinlona  pr?i'f«ot  aor^u,  raapeotivaly . 


d/L  0.1  whioh  ape  usually  used  In  the  ?IR  absorption  experiments 
the  grentest  radiative  damping  ^  0.01  takes  place  when  the 
ratio  w/L  «  0.95 »  where  w  is  the  width  of  the  grating  strips 
(?ig.2b).  OSiis  value  of  T^/w^  is  two  orders  of  magnitude  larger 
than  expected  from  the  perturbation  theory  12].  It  makes  us 
conclude  that  the  radiative  danq;>ing  may  contribute  a  substantial 
part  to  the  whole  observed  linewidth  of  the  plasmon  resonance.  ?or 
the  oharaoteristio  parameters  of  experiments  [1]  (i>^a3.5>‘10‘*s"*', 
B^=1,  8^=11. 0  (AlGaAs),  Bj-IZ.S  (i-GaAs),  L-8.7»10"^om, 
d=3*10  cm,  w/L  -  0.9  and  the  areal  density  of  el^trons 
N^=6,7*10**om~*  we  obtain  r^/®^  “  8«10~*.  OSiis  is  roughly  a  half 
of  the  dissipative  linewidth  defined  by  the  experimental  value  of 
the  relaxation  time  x=7“10~*“s. Nevertheless,  this  considerable 
radiative  broadening  can  not  explain  the  whole  linewidth  observed 
experimentally.  The  additional  broadening  may  be  caused  by  some 
other  reasons,  for  example,  ohmic  losses  in  the  metal  grating 
strips  and  dielectric  losses  in  the  AlGaAs  slab  [1]. 


1 .E.  Batke,  D.  Heitmann,  C.W.  Tu,  Phys.  Rev.,  B34  (1986)6951. 
2.1£.y.  Ki’asheninnikov,  A.T.  Chaplik,  Zh.  Bksperim.  Teor.  ?iz., 
7.88(1985)129. 

3.T.  Kobayashi,  N.  Okisu,  Y.  Sambe,  In:  High-Speed  Electron.  : 
Basic  Phys,  Phenom.  and  Device  Princ.  Int.  Conf.,  Stoockholm, 
Aug.  7-9,  1986.-  Berlin,  e.a.  (1986),  P.88. 
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ABSTRACT.  A  new  promising  type  of  the  Snith-Purcell  an^ilifiers 
of  millimeter  &  suhmillimeter  wave  bands  has  been  suggested.  The 
main  elements  of  construction  are  an  open  resonator  with  the 
distributed  Interaction  and  a  special  electronic  gun  with  the 
field-emission  cathode  vrf\ose  auto  electronic  emission  current  is 
modulated  by  the  microwave  input  signal.  The  fundamentals  of 
constructing  such  devices  are  discussed,  the  most  promising  designs 
being  pointed  out.  On  the  basis  of  the  theory  developed, 
particle-field  interaction  in  such  devices  are  analyzed  in  details 
and  the  ultimate  output  parameters  of  the  amplifiers  are  estimated. 

INTRODUCTION.  The  creation  of  effective  resonance  au^Jlifiers 
of  millimeter  &  submlllimetric  waves  is  one  of  perspective 
directions  in  the  development  of  electronic  devices  based  on 
Smith-Purcell  effect  [1,2].  Due  to  the  employment  of  an  open 
resonators  with  distributed  interaction  the  possible  output 
characteristics  of  multi -resonator  Sraith-Purcell  amplifiers  surpass 
to  a  marked  degree  klystrons  of  millimeter  wave  band  [33. 

The  main  obstacle  for  the  practical  realization  of  this  type 
devices  is  a  large  extension  of  an  interaction  space  of  input 
section, necessary  for  effective  electron  beam  bunching  by  the 
injected  signal.  This  essentially  complicates  opto-electronic  & 
eiectrodynamic  systems  of  a  design.  Therefore,  at  present  time  we 
have  a  prototype  only  of  one-resonator  regenerative  amplifier  on 
the  base  of  orotron  resonance  system  [43.  The  report  deals  with  the 
new  type  of  Smith-Purcell  amplifier  -  orofenltron  Copen  resonator 
field  emission  microwave  tube).  It  seems  to  us  the  perspectiveness 
of  a  orofenitron  is  stipulated  by  the  use  in  one  design  of  the  most 
effective  in  millimeter  &  submillimeter  wave  band  orotron 


electrodynamic  system  and  of  the  auto  electronic  cathode  current 
nlcrowave  modulation  phenonena  C51.  This  techniqt»  of  electron  bean 
current  microwave  modulation  showed  its  effectiveness  in  fenitrons 
-amplifiers  &  multipliers  of  X-band  [53  as  well  as  in  gigatrons  [61 
&  devices  of  vacuum  micro  electronics  C71,  developed  at  preswit 
time. 


OROFEMITROfIS  DESIGN  &  PRIMaPLE  OF  OPERAnON.The  main  elements 
of  orofemitrons  structure  are  an  op«i  resonator  with  the 
diffraction  grating  on  one  of  the  mirror  and  a  special  electron  gun 
with  the  auto  electronic  emission  cathode  and  input  device  of 
injected  signal.lt  is  designed  for  shaping  of  a  strip  electronic 
flow  modulated  in  density  by  the  input  signal.  The  gain  value  of 
current  modulation  and  its  spectrum  are  controlled  by  the  bias 
voltage  Us  at  the  auto  cathode  according  to  the  Fowler-Nordheim 
rule  of  field  emission  [83.  Further, the  modulated  electron  flow 
enters  in  output  open  resonator  &  exc  ::  it  due  to  the 
Smith-Pxircell  radiation  which  arises  during  the  passage  of  electron 
beam  above  diffraction  grating  and  distributed  interaction  of 
electrons  with  the  periodic  structure  slow  wave. 

The  input  signal  power  increases  due  to  the  sharp  slope  of 
current -voltage  characteristic  of  field-emission  cathode  and  due  to 
the  effective  distributed  interaction  of  electron  beam  with  the 
open  resonator  field  ,as  well  as  due  to  the  increase  of  beam  power 
under  additional  acceleration  of  shaped  electron  bunches  between 
cathode  and  output  resonator  in  the  case  when  this  acceleration  is 
necessary  for  particle-slow  wave  synchronism. 

THEORY  &  RESULTS.  The  theory  of  physical  processes  arising 
within  the  orofenitron  and  estimations  of  its  output  parameters  are 
based  on  the  well-known  and  reliable  mathematical  model  of 
microwave  modulation  of  field-emission  current  [53  and  on  joint 
solution  of  Maxwell's  equations  &  equations  of  beam-particles 
motion  for  oscillating  systems  with  distributed  interaction  [23. 

For  the  amplification  mode  of  low  signal  C  input  signal 
voltage  Urn  <<  bias  voltage  Us  3  we  observe  the  strong  dependence  of 
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nazimun  power  gain  factor  of  orofe»itron 

-  gj  C  Ua  /  Us3  /  -  30  +  35  dB 

upon:  the  relative  slope  Us/IcCUs)  )  dlc/dUs  of  current-voltage 
auto  enission  cathode  characteristic  IcCUs)  ;  the  ratio  J=Ic/Ist 
between  Ic  and  current  1st  of  seif-excited  osciliaticaTS  of  output 
resonator  if  J<1  and  acceleration  voltage  Ua  to  field  cathode  bias 
voltage  Us  ratio.  The  high  quality  factor  QyiOQO  of  the  open 
resonator  in  anllisieter  wave  band  and  efficiency  of  distributed 
beam-field  interaction  allow  to  realize  the  values  J  0.5  +  0.8 
under  beam  current  Ic  S  lA.  The  use  of  low  -current  electron  beams 
not  only  increases  the  reliability  of  field-emission  cathode 
operation  ,but  also  allows  to  decrease  the  operating  voltage  Us  in 
comparison  with  the  Ua.  These  factors  stipulate  for  the  higher 
orofeaitron  design  values  in  comparison  with  the  femitron 

where  J<<1  &  Ua/Us  =1. 

In  the  mode  of  power  gain  C  Ito/Us  0.1  +  0.5)  the  maximum 
achievable  efficiency  equal  to  ^  70+80  %  of  relativistic  & 
nonrelativistic  orofemitrons  are  reached  not  only  due  to  the 
possibility  of  high  bunching  but  also  due  to  the  optimal  conditions 
of  electron  bunch  -  resonator  field  slow  wave  interaction.  The 
results  of  numerical  and  analytical  optimization  of  resonator  & 
beam  parameters  191  showed  that  maximum  achievable  efficiency  of 
orofemitron  is  determined  by  four  main  parameters:  particle 
velocity  Vo, radius  of  a  field  spot  R  in  an  open  resonator  ,wave 
length  of  the  signal  X  and  phase  velocity  of  the  slow  wave  Vph 

TJnax-  CXVo/cR)[l.-0.75  r]  XVo/cR/Cl-fSyJ)]  yJ/Cl+S  yj) 

where:  c*)"‘^®;  c-  velocity  of  light;  Vo/  Vpj^2sl+  0.5/  yj. 

For  open  oscillating  systems  the  condition  is  satisfied, that’s 
why  maximum  achieved  efficiencies  are  determined  mainly  by  the 
values  of  accelerating  voltage  CVo)  and  parameters  of  diffraction 
grating  C  Vph).  ' 

CONCLUSION.  The  results  of  systematic  analysis  allow  to  make 
a  conclusion  that  orofemitron  is  a  promising  amplifier  of  low 
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signals  and  of  power  in  nillioeter  &  subnillineter  wave  Imgth 
bands  .The  latest  achievements  in  the  field  of  vacuum  micro 
electronics  and  of  miniature  short-focus  open  resonators  ClOl  used 
during  development  of  orofemitron  allow  to  create  coa^act 
amplifiers  of  high  stability  with  the  gain  coefficient  30  dB 
under  outpnit  power  Po2!l.j.l0kW  and  efficiency  factor  tj  50^70  %  in 
the  middle  range  of  millimeter  waves. 
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DISTRIBUTED  IHTERACTION  OP  OPEN  RESONATOR  FIELDS  WITH  SEMICONDUCTOR 

V.A.Abdulkadyrov,  I.D.Revin 

Institute  of  Radiophysics  and  Electronics,  Acaden^  of  Sciences 
of  the  Ukraine,  12  Acad.  Proskura  at,,  310085  Kharkov, 
the  Ukraine 

The  report  presents  some  features  of  the  interaction  of  a  drift¬ 
ing  flow  of  charge  carriers  in  a  semiconductor  with  space-inhomoge¬ 
neous  fields  of  the  open  resonators  (OR),  Diffraction  grating  la 
placed  in  the  OR.  Synchronous  component  of  the  S-th  space  garmonic 
has  the  form 


is  the  phase  of  velocity  of  S-th  space  harmonic;  are  the 

Hermite  polynomials;  A  is  the  amplitude  of  S-th  space  harmonic; 

Zx4/.  radii  of  the  mirror's  curvature. 

An  effective  interaction  of  the  drifting  carriers  flow  in  the  semi¬ 
conductor  with  a  field  (1)  is  possible  when  the  conditicns  of  syn¬ 
chronism  are  being  fulfilled  in  space  and  time.  It  is  easy  to  show 
that  excitation  of  emergent  radiation  is  also  possible  when  the  re¬ 
sonance  between  resonance  and  transit  frequencies  is  being  fulfilled. 


here  is  tbe  velocity  of  carriers  drift,  is  the  period  of 

structure.  The  drifting  flow  is  described  in  the  frames  of  a  quasi- 
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hydrodynamic  model  in  a  semiconductor.  Determine  the  complex  power 
of  the  interaction  in  the  form 


p  ^  LuBn  Briga-r 


iBXhpir 


nor 


j-ot 


jE  m 

hj-K 

a 


dK 


C2) 


here  On  is  the  coefficient  of  using  the  drifting  flow;  is 

the  amplitude  of  average  of  the  cross-section  of  flow  of  the  synchro- 
nous  harmonic's  field,  E  \^)  is  the  spectral  density  of  the  syn¬ 
chronous  field,  K  -  is  the  spectral  wave  number: 


~  propagation  con¬ 
stant  of  waves  of  the  space  charge  (WSC);  /i  —  . 


Vo 


'P 

1 


V, 


3^- 


a 


7 


2^^,  are  the  electromagnetic  and  plasma  frequencies,  correspon¬ 
dingly.  The  first  addend  (2)  determines  the  efficiency  of  the  power- 
exchange  of  slow  WSC  with  space-inhomogeneous  fields  of  OR,  the  se¬ 
cond  one  is  the  quick  WSC.  To  separate  a  real  and  imaginary  parts 
of  the  expression  (2)  and  an  imaginary  part  of  the  expression  (2) 
one  may  by  means  of  the  expansion  of  its  analytical  function  deter¬ 
mined  by  the  cauchy  integral  along  the  real  axis  on  degrees 
and  using  the  integral  Gilbert  transformation. 

A  complex  power  of  the  interaction  of  the  drifting  carriers 
flow  in  a  semiconductor  with  a  wave  heam  of  OR  at  ))  2^p  one 

may  represent  in  the  following  form 


h'j  DJ 


P-Po  Pm 

P  =  4  Cf 

°  6  ’  ^  ZVa  ^ 
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Hn  (Z) 


VF 


2m  Hn,,,  (Z) 
Hm  (^) 


Zn(z)- 


r  ^  2i2’  ’ 


(^) 

7m=  {z)l>Jiz)f  ^  Hjz)J2{-^fc^-Hn,-s(^y 


OZ=  '^• 


/ 


(m-s)! 


Is  the  parameter  of 


^=(F-  k)  - 

mlssyachronism;  Ciq  is  the  diameter  of  the  field's  spot  of  the  main 
oscillation  type;  $  V^’  are  the  frequencies  of  collisions 

corresponding  to  the  concrete  mechanism  of  carriers  scattering  in 
a  semiconduct  or  j  V<7»  ie  the  heat  velocity;  is  the  comp¬ 

lex  integral  of  probability. 

In  Pig,  (5a  and  b)  are  given  graphs  of  functions 
andC^/77  which  deteimine  the  change  of  active  and  reactive 

power  components  of  the  interaction  of  the  drifting  electron  flow  of 
conductivity  with  the  fields  of  the  main  type  depending  on  the  para¬ 
meter  of  mis synchronism  for  three  meanings 
l,-9y=0  ;  2.  =0.5;  3.-^y=l. 

In  Pig.  (c  and  d)  analogous  dependences  corresponding  to  the  first 

(rTl=f  )  highest  type  of  OR  oscillations  are  given- 
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SUPERSLCW  WAVES  IN  PERIODIC  STRUCTURES 
A- A. Bulgakov  and  V.D. Korolev 
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It  is  known  that  developing  of  millimeter  and  submillimeter  (tISM) 
wavebands  is  impossible  without  active  elements.  Up  to  date  the 
devices  using  quantum  superlattices  and  ballistic  motion  of  carriers 
in  submicrone  structures  are  of  first  rate  importance. 

In  this  report  we  should  like  to  attract  attention  on  a 
possibility  of  the  creation  of  semiconductor  elements  of  NSN  bands 
without  complicated  submicron  technology.  Distributed  interaction  of 
drift  carriers  in  a  semiconductor  with  slow  electromagnetic  waves  is 
the  mechanism  which  put  into  effect  an  instability  of  electromagnetic 
waves  similar  to  that  one  in  a  travelling-wave  tube  or  back-wave  tube. 
In  order  to  put  into  operation  such  interaction  it  is  necessary  to 
provide  an  equality  of  velocity  of  semiconductor  drift  carriers  and 
propagation  wave  velocity.  It  is  known  that  drift  velocity  is  a  less 
than  heat  velocity,  i.e.  it  has  an  order  of  10^-10*  cm/s.  In  addition, 
on  electromagnetic  wave  in  a  solid  state  propagates  with  velocity 
'  c/  -rr  (c  =  3jcl0***  cm/s  is  the  vacuum  light  velocity,  e  is  the 
dielectric  permeability),  i.e.  approximately  is  equal  to  10**  cm/s. 
Velocities  of  surface  plasmons  and  magnetic  plasmons  also  considerably 
exceed  drift  velocities  C13.  Thus,  it  is  necessary  to  increase  carrier 
velocities  by  two  or  three  orders  or  slow  down  an  electromagnetic  wave 
in  order  to  obtain  this  synchronism.  For  increasing  velocities  it  is 
possible  to  use  ballistic  motion  of  carriers  in  submicrone 
structures. In  another  case  we  propose  to  make  use  the  layer — periodical 
structures  consisting  of  semiconductor  and  dielectric  layers  C23. 

In  vacuum  electronics  comb-periodic  structures  became  common  use 
to  obtain  delay.  The  mechanism  of  'delay  in  such  structures  is  possible 
to  consider  as  follovrs.  A  period  of  the  structure  is  a  resonator  for 
the  electromagnetic  wave.  The  difference  of  oscillation  phases  between 
different  resonators  leads  to  propagation  of  a  slow  wave  along  the 
periodic  structure.  That  velocity  of  propagation  seems  as  lovj  as  we 
viant  in  the  case  of  almost  zero  phase  difference  between  adjacent 
resonators,  but  it  is  difficult  to  realize  this  situation  on  account 
of  wave  damping  calling  into  actict  phase  erosion.  Usually  in  the 
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periodic  structures  delay  is  of  the  order  of  100. 

There  are  some  "resonant"  types  of  waves  in  semiconductors: 
surface  and  volume  plasmons  and  magnetic  plasmons.  Without  damping 
velocities  of  these  waves  can  be  very  low,  but  in  practice  damping  is 
relatively  high  even  in  pure  semiconductors.  Therefore  velocities  of 
"resonant"  waves  differ  slightly  from  the  light  velocity  in  vacuum. 
Another  situation  can  be  realized  in  the  layer-periodic  structure 


including  tho  layers  of  a  semiconductor  < 


%  1 
w  +  lU) J ' 


where  is  the  dielectric  permeability  of  the  lattice,  is  the 

plasmon  frequency,  i>  is  the  effective  frequency  of  collisions;  is 

the  thickness  of  the  layer)  and  dielectric  In  Fig.l 

dispersion  curves  for  non-damping  structures  are  shown 

“■  is  the  component  of  the  wave 

i  ^ —  vector  directed  along  layers, 

d-  d^+  ^2  ®  period  of  the 

structure).  It  is  shown  that  the 
y/^ ^ lower  curve  asymptotically  tends 
^  to  the  frequency  of  the  surface 


plasmons  u  -  u 

p*  o 

<u  is  lengmur 


Oi  2 

frequency) 


Fig. 1. 


propagating  along  boundaries  of 
the  dielectric  and 
semiconductor.  Another  disper¬ 


sion  curves  correspond  to  the  frequency  higher  than  ut  .  In  this  region 
the  layer -per iodic  structure  behaves  like  the  dielectric  lattice.  The 
field  structure  of  the  lowest  dispersion  curve  is  schematically 
introduced  in  Fig. 2a  for  volume  and  Fig. 2b  for  the  surface  waves. 


Fig. 2a.  Fig. 2b. 
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Dashed  curves  are  envelopes  •for  the  field  distributions  inside  the 
layers.  It  is  shown  from  figures  that  in  the  infinite  structure  the 
field  has  a  periodical  character  although  inside  a  layer  it  decreases 
exponentially  from  the  boundary.  In  the  finite  lattice  the  field 
decreases  exponentially  deep  into  the  structure. 

The  dispersion  curve  changes  its  form  if  we  take  into  account 
damping  in  semiconductor  layers  C3,43  (Fig. 3).  The  longitudinal  wave 


Fig. 3.  value  of  k‘^d  is  grater  than 

the  value  given  by  formula  (*).  Let  <k' d)  =  C?.  The  value  of  Q  have 

X  max 

been  calculated  for  different  structures  with  InSb  as  a  semiconductor 
^  =  16.7,  V  A  10**  s”*,  u  Si  10**  s"*  )  and  dielectric  layers  <«  ® 

OA  p  2 

5).  We  have  obtained  Q  *  2.. 4  for  the  infinite  structure,  with  the 
magnetic  field  Q  «  10. . 15;  for  a  surface  wave  in  the  semi -inf inite 
structure  □  si  50;  in  the  structure  in  a  metal  substrate  Q  st  50..  70. 

Let  us  estimate  the  minimum  phase  velocity  by  the  formula 

w  d 

V  =  . 

ph  min  5 

The  value  of  the  structure  period  d  is  restricted  by  the  formula 

application  of  the  dielectric  permeability.  Therefore  we  have  assumed 

d  ae  3..10  um  for  the  estimations.  In  this  case  phase  velocity  .  .  at 
a  g  pnmin 

10  ..10*  cm/s  with  (a  sc  10**  s”*.  The  great  decay  is  obtained  due  to 

p» 

the  fact  that  the  investigated  wave  attenuation  is  less  than  in  a 
homogeneous  semiconductor  since  -the  wave  energy  concentrated  in 
general  in  the  low  losses  dielectric  layers.  In  fact,  the  field  in 

the  semiconductor  is  proportional  tu  exp(—  f  Ar*  +  |«*/  c*  )  and 

/2  2  2 

k  -  ^  ta  /  c  )  ,  where  f  is  the 

X  2 

coordinate  counted  from  the  boundary  between  the  semiconductor  and 

dielectric  (see  Fig. 2).  Thus,  semiconductor  layers  define  dispersion 

properties  of  the  structure,  and  dielectric  layers  define  wave 
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damping>  Ab  a  resultf  the  low  damping  electromagnetic  wave  propagation 

with  the  low  phase  velocity  is  possible. 
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ABSTRACT 

The  synchrotron  radiation  from 
the  electron  storage  ring  is  a 
powerful  light  source  even  in  the 
far  infrared  and  millimeter  wave 
regions  as  in  the  vacuum  ultra 
violet  and  X-ray  regions.  The 
actual  utilization  of  the  synchro¬ 
tron  radiation  for  the  solid  state 
spectroscopy  on  condensed  matter 
in  the  far  infrared  and  millimeter 
waves  has  started  in  1986  at  the 
UVSOR,  the  synchrotron  radiation 
facility  at  Okazaki  (Japan)  and 
successively  in  1989  at  the  NSLS 
(Brookhaven,  USA) .  To  demonstrate 
the  advantage  to  use  the  synchro¬ 
tron  radiation  instead  of  con¬ 
ventional  black  body  sources 
experiment  under  higli  pressure 
using  a  diamond  anvil  cell  in  the 
far  infrared  region  and  experiment 
on  ionic  super  conductor  in  the 
millimeter  wave  region  are  des¬ 
cribed. 

Si  INTRODUCTION 

The  synchrotron  (SR)  is  a 
light  source  which  covers  conti¬ 
nuously  a  very  wide  energy  region- 
from  the  microwave  to  the  x-ray. 
However,  the  SR  has  not  been  em¬ 
ployed  until  1986  in  the  long 
wavelength  spectroscopy  althougli 
the  SR  has  many  excellent  proper¬ 
ties  such  as  high  brightness  (pho¬ 
ton  numbers  per  unit  area-solid 
angle  product),  continuous  spec¬ 
tral  distribution  over  the  entire 
energy  region,  its  precise  time 


structure  in  the  nano-second  time 
domain  and  so  on. 

After  preliminary  experiments 
at  the  SRS  (Daresbury,  UK)  [ 1 ]  and 
the  BESSY  (Berlin,  Germany)  12], 
spectroscopic  system  was  con¬ 
structed  in  1985  at  the  beam  line 
BL6A1,  which  is  dedicated  ex¬ 
clusively  for  the  far  infrared 
spectroscopy.  of  the  UVSOR 
(Okazaki)  and  its  practical  utili¬ 
zation  has  started  since  1986  [3] 
and  successively  at  the  NSLS  since 
1989  [41.  Many  kinds  of  expe¬ 
riments  at  the  UVSOR  up  to  now 
proved  that  the  SR  delivers  more 
intense  photon  flux  over  a  high 
pressure  mercury  arc  lamp  in  the 
far  infrared  and  millimeter  (MM) 
wave  regions. 

The  purpose  of  the  present 
paper  is  to  describe  the  present 
status  of  the  experiment  on  solid 
state  spectroscopy  in  the  far 
infrared  and  MM  wave  regions  at 
the  UVSOR. 

§2  EXPERIMENT  UNDER  HIGH  PRESSURE 

WITH  A  DAC 

To  compare  the  intensities  of 
both  sources,  the  SR  and  a  125  W 
high  pressure  mercury  lamp.  the 
light  intensities  from  both 
sources  were  independently  mea¬ 
sured  using  the  same  spectroscopic 
system.  The  light  intensity  was 
measured  as  the  function  of  the 
aperture  at  the  sample  position  on 
which  the  light  is  focussed  with 


an  optics  of  F/S.  6  in  the  sample 
chamber. 

Fig. 1  shows  the  ratios  of  the 
light  intensity  at  100  nm  of  the 
SR  to  that  of  the  mercury  lamp 
through  different  apertures.  The 
intensities  of  the  SR  were  normal¬ 
ized  to  that  in  operation  of  100 
mA.  From  this  result,  the  boundary 
size  of  the  aperture  is  11  mm  in 
diameter  at  which  the  intensity  of 
the  mercury  lamp  is  equal  to  that 
of  the  SR  at  the  ring  current  of 
100  mA.  This  means  that  more  pho¬ 
ton  flux  with  Che  SR  than  with  the 
mercury  lamp  is  acceptable  into  a 
detector  in  experiment  where  a 
sample  acceptance  is  limited  such 
as  experiment  under  high  pressure 
using  a  diamond  anvil  cell  (DAO. 
We  installed  a  spectroscopic  sys¬ 
tem  under  high  pressure  using  a 
DAC  to  perform  study  on  a  pres¬ 
sure-induced  phase  transition  of 
condensed  matters.  The  precise 
description  of  the  spectroscopic 
system  was  described  else- 
where[5,  8].  Here,  we  describe  the 
experimental  outline  in  brief.  We 
made  a  so-called  lever-arm  type  of 
a  DAC  which  is  installed  on  the 
bottom  of  the  liquid  helium  cryo¬ 
stat  in  the  sample  chamber.  The 
pressure  induced  in  the  diamond 
anvil  cell  was  measured  by  a  con¬ 
ventional  fluorescence  measurement 
technique  of  a  ruby.  A  ruby  chip 
was  immersed  as  a  pressure  sensor 
together  with  the  sample  in  the 
liquid  paraffin  within  the  pres¬ 
sure  cell.  The  light  intensity 
through  the  DAC  was  detected  by  a 
liquid  helium  cooled  bolometer. 

By  using  this  high  pressure 
apparatus,  we  measured  the  trans¬ 
mission  spectrum  of  alkali  halide 
to  know  the  change  in  the  phonon 
spectrum  of  alkali  halides  due  to 
the  phase  transition.  It  is  well 
known  from  a  ''-ray  diffraction 
measurement  thac  alkali  halide 
shows  a  first  order  phase  transi¬ 
tion  from  a  Bl  phase  (rock  salt 
structure)  to  a  B2  (cesium  chlo¬ 


ride)  under  pressure  as  shown  in 
Fig.  1.  However,  up  to  now,  the 
observation  of  such  spectrum 
under  high  pressure  is  quite  rare 
because  its  difficulty  of  experi¬ 
ment. 

Fig.  2  shows  the  development  of 
the  phonon  spectra  of  Rubidium 
Iodide  (RI>  with  the  pressure  (P) 
at  room  temperature.  RI  was  evapo¬ 
rated  in  advance  onto  the  culet 
surface  of  one  of  the  diamond 
anvils  which  form  the  pressure 
cell.  The  thickness  of  the  film 
was  2.8  um.  A  stainless  steel 
gasket  was  used.  The  thickness  and 
the  diameter  of  the  pinhole  were 
0. 2  and  0. 7  mm.  The  pressure  is 
shown  in  each  spectrum.  The  sharp 
dip  which  corresponds  to  the  TO 
phonon  energy  is  shown  by  a  down¬ 
ward  arrow  in  each  curve.  The  TO 
phonon  showed  a  clear  blue  energy 
shift  with  the  increase  in  the 
px'essure  in  the  Bl  phase  (iower 
three  curves  ) .  The  TO  phonon 
energy  was  suddenly  reduced  after 
the  phase  transition  to  the  B2 
which  occurs  at  0.34  GPa  [71.  In 
the  B2  phase,  the  TO  phonon  showed 
a  blue  shift  (higher  three 
curves) .  From  the  energy  shift 
of  the  TO  phonon  versus  the  pres¬ 
sure.  the  mode  gruneisen  para¬ 
meters  i n  the  both  B 1  and  B2 
phases  and  the  TO  phonon  energy  in 
the  B2  phase  were  reduced  for  the 
first  time.  The  details  of  the 
experimental  results  on  other 
alkali  halides  is  also  to  be 
given. 

§3  1®^  wave  absorption  of  ionic 

super  conductor 

A  collective  motion  of  free 
carriers  (electron  or  hole)  in  a 
conduction  band  is  called  as  a 
plasmon.  The  onset  of  the  ab¬ 
sorption  due  to  the  excitation  of 
the  plasmon  locates  usually  in  the 
near  infrared  -  visible  region  and 
its  energy  is  a  so-called  plasma 
frequency  which  is  given  by  the 
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equation 

<t>p^  =»  4  7te^N  /  m*  (1) 

where  N  is  a  density  of  free 
carriej^s  in  the  conduction  band 
and  m  the  effective  mass  of  the 
carrier.  A  corresponding  metailic 
reflectivity  shows  a  sharp  rise  at 
the  plasma  frequency  towards  the 
lower  energy.  Super  ionic  conduc¬ 
tor  is  an  insulator  at  low  tem¬ 
perature.  However.  ion  becomes 
unstable  and  makes  a  thermal  dif¬ 
fusion  in  the  solid  above  the 
critical  temperature  .  Tc.  The  dif- 
fussive  motion  of  the  ions  may 
give  an  plasmon  state  (we  call  it 
as  an  "ionic  plasmon").  Therefore, 
the  reflectivity  of  a  super  ionic 
conductor  is  expected  to  show  a 
sharp  rise  due  to  the  excitation 
of  the  ionic  plasmon  at  the  tem¬ 
perature  above  the  Tc.  However, 
such  sharp  rise  in  the  reflec¬ 
tivity  is  considered  to  appear  in 
the  MM  wave  region  because  the 
effective  mass  of  the  moving  ion 
is  much  larger  than  that  of  an 
electron  or  a  hole  and  conse¬ 
quently  the  oj  becomes  much 
smaller  according  to  the  eq. (1). 

We  measured  the  reflectivity  of 
alkali  silver  iodide  super  ionic 
conductor  RbAg  of  which  Tc  = 
122  K  18J.  The^result  is  shown  in 
Fig. 3.  As  expected  to  an  ionic 
plasmon,  a  sharp  rise  only  in  the 
spectrum  at  300  K  above  the  Tc  was 
observed  [9].  The  fine  structure 
in  the  spectrum  above  20  cm  is 
due  to  the  absorption  by  the  pho¬ 
non. 

CONCLUSIONS 

I)  The  practical  utilization  of 
the  SR  in  the  far  .infrared  region 
has  started  since  1986  at  the  - 
UVSOR  facility  of  the  Institute 
for  Molecular  Science  at  Okazaki 
(Japan).  The  available  spectral 
region  for  the  measurement  covers 
3  to  350  cm~*. 


2)  The  absorption  measurement 
under  high  pressure  using  a  DAC  is 
available  at  the  UVSOR.  The  change 
in  the  phonon  spectrum  of  alkali 
halides  under  pressure  was  done  to 
demonstrate  the  advantage  of  the 
utilization  of  the  SR  in  the  far 
infrared  region.  The  mode 
gruneisen  parameters  and  the  TO 
phonon  energy  of  alkali  halides  in 
the  Bl  and  B2  phases  were  deter¬ 
mined  for  the  first  time. 

3)  The  reflectivity  measurement  on 
the  super  ionic  conductor  RbAg^Ic 
in  the  MM  wave  region  was  done  ana 
the  sharp  rise  due  to  the  excita¬ 
tion  of  the  "ionic  plasmon"  was 
found. 
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A»ciirU)C  (mm) 

Fig. 1  The  ratios  of  the  light 
Intensity  of  the  SR  at  100  uip  to 
that  of  the  mercury  lamp  which 
pass  through  the  same  aperture  is 
shown  versus  the  diameter  of  the 
aperture.  The  intensities  of  the 
SR  were  normalized  to  that  in 
operation  at  lOO  mA. 


C«C1(B2)  structure 


Fig.  2  The  crystal  structure  of 
alkali  halide  at  the  NaCKBl)  and 
CsCl(B2)  phase. 


Fig.  3  Transmission  spectra  of  Rbl 
evaporated  film  of  2.8  itm  thick¬ 
ness  measured  at  room  temperature 
under  high  pressure  using  a  DAC. 
The  sharp  dip  due  to  the  absorp¬ 
tion  of  the  To  phonon  mode  of  KI 
is  shown  by  the  downward  arrow.  A 
sharp  dip  at  13Z  cm~*  in  each 
spectrum  is  due  to  the  absorption 
of  the  cold  crystalline  quartz 
filters  of  the  detector. 


Fig.  4  The  reflectivity  of  super 
ionic  conductor  RbAg.le  at  15,  77, 
and  300  K. 


•  837 


Th7.2 


PECULIARITIES  OF  FIR  REFLECTION  SPECTRA  OF  HaCdHnTe 

Mazur  Yu. I.,  Kriven  5. I.,  Tarasav  e.G. ,  Shevchenko  N.V. 
Instltute  of  Semiconductors  of  Academy  of  Sciences,  Ukraine,  Kie'^ 

The  main  feature  of  lattice  dynamics  of  mu 1 ticomponen t  narrow 
gap  semiconducting  compounds  is  a  great  number  of  vibrational  sta- 
ces  with  close  or  overlapping  energy  bands.  Under  proper  symmetry 
conditions  these  states  occur  in  resonance  modifying  the  spectral 
distribution.  One  can  reveal  these  modifications  in  IR  reflection, 
absorption  or  Raman  scattering  spectra,  their  temperature  and  con- 
centrational  dependences.  The  resonance  adjusting  for  narrow  gap 
semiconductors  is  easily  performed  by  compositional  variation.  It 
allows  the  lattice,  band,  relaxation  parameters  to  be  changed  wi¬ 
thin  broad  limits.  Another  feature  of  interest  is  a  proximity  of 
electron  and  phonon  energies  leading  to  violation  of  adiabaticitv 
criteria  for  such  systems.  New  effects  due  to  these  circumstances 

are  the  subject  of  our  Hg.  Cd  Mn  Te  investigations. 

1“ X  —  yxy 

Ha,  Cd  Mn  Te  crystals  of  different  compositions  were  syn- 
1— X— V  X  y 

thesized  bv  modified  Bridgman  technique  at  temperature  gradient 
of  35  K/cm,  Before  measurements  their  surfaces  were  treated  by  me¬ 
chanical  polishing  and  subsequent  bromide  methanol  etching.  All 
crystals  were  of  n-type  conductivity  and  the  free  carrier  concen¬ 
tration  was  varied  from  n  =  l-lO^^cm  ^  to  n  =  5'iO^  cm  at  room 
temperature . 

Reflection  measurements  in  spectral  range  of  30— 6C0  cm  were 
pe'-~crmed  with  IF5— ii3V  spectrometer  at  temperatures  5K<T<3DD  K. 

3ccu'"acv  of  wave  numoers  determination  was  about  1  —  2  cm 
ever  all  ranoe  measured.  Kramers-Kronig  transformation  of  reflec¬ 
tion  spectra  defined  tne  complex  permittivity  £  (uj) .  In  view  of 
strong  influence  of  resonant  p i asmon- phonon  interaction  we  first¬ 
ly  confined  ourselves  bv  the  case  of  low  Mn  concentration 
(  Y  =  0.015  )  and  low  free  carrier  concentration  (  n  =  1.9*i0^^ 
cm  i  . 

Fig.  1  presents  Hg^  -r3<**"o  0155^®  reflection  soectra 

measureg  at  various  temperatures.  Three  parts  can  be  picked  out 

- '  —1  -I 

here:  a'  80-120  cm  ;  b)  120-160  cm  ;  c)  16G-Z20  cm  come  from 

different  Qhvsical  sources.  First  part  is  usually  refered  tp  de¬ 
fect  modes  and  strong  spectrum  modifications  are  obsenved  here  at 
temperature  increasing,  in  particular,  the  broad  band  at  «»>  ■=  105  - 
115  cr~^  grows  visibly.  The  second  one  corresponds  to  HgCdTe 


2+ 

UQ  -  TO  solitting,  and  the  modes  induced  bv  Mn  dominate  in  the 
third  Dart  of  reflection  soectra- 
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Pig.  1  Reflection  spectra  of  HgCdMnTe  at  different  temperatures 

Due  to  Kramers-Kronig  transformation  we  have  identified  the 
bands  at  =  141  cm  ^  and  «»J  =  l&O  cm  ^  as  HgTe-  and  CdTe-like  LO 
modes  and  features  at  «»)  =  123  cm  ^  and  «*>  =  152  cm  ^  as  correspon¬ 
ding  TO  modes  measured  at  helium  temperature  (  T  =  5  K  ).  Under 
temperature  increasing  from  T  =  5  K  to  T  =  300  K  HgTe-like  modes 
don't  practically  shift  while  the  CdTe-like  modes  move  to  low 
energies  on  3-4  cm  ^ .  It  is  very  interesting  behaviour,  but  our 
attention  is  further  paid  to  analysis  of  fine  structure  of  £"(«»)) 
and  Im{-£  ^  ( ui  ))  soectra  which  is  caused  by  lattice  disordering. 

Within  the  range  of  reststrahlen  rays  we  have  found  the  band  at 
<*>  =  135  cm  which  is  shown  in  Fig.  2  for  low  temperature.  It 
nas  a  transverse  polarization  and  can  be  attributed  to  clustering 
mode  observed  formerly  under  Raman  investigations  [1].  For  u) 160 

cm  *  and  low  temoerature  (  T  =  5  K  )  the  earn  feature  is  the  peak 

-1  2* 
at  a)  =  _91  cm  with  the  strength  proportional  to  Mr  content 

(  Fig.  3  ) .  When  the  temperature  is  lifted  ud  to  T  =  300  K  the 

peak  position  shifts  to  low  energies  on  4  cm  ^  and  its  halfwidth 

(  )  grows  substan tia  1  1  y  .  At  high  temperature  the  dependence 

2  5 

Au>(T)  can  be  approximated  by  T  ’  ,  but  when  the  temperature  lowers 

0  8 

to  T  ft  so  k  this  dependence  takes  the  form  Au)(T)r-T  ‘  .  The  change 
of  Ji  in  the  dependence  T  points  out  the  change  of  broadening  me¬ 
chanism  for  localized  Mn-mode.  I f  >  2  the  broadening,  in  the  main, 
IS  determined  bv  multiphonon  decay  or  modulational  process  caused 
Dv  auasielastic  phonon  scattering.  At  low  temperature  the  main 
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Fig.  2  The  range  of  LO  -  TO 
splittings  of  HnCdTe  at  dif¬ 
ferent  temperatures 
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Fig.  3  Spectral  dependence  of 
Im(-  £  teJ  ) )  for  the  range  of 
fin-mode  at  different  temperatures 


Fig. 3  shows  also  two  shoulders  at  170  cm  ^  and  ISO  cm”^. 
The  feature  at  170  cm  ^  could  be  ascribed  to  LO  mode  of  CdTe 
film,  arising  from  the  surface  etching,  but  assignment  of  the  se¬ 
cond  shoulder  is  problematically  and  needs  more  investigations. 

From  our  point  of  view  the  range  at  80-120  cm  ^  is  of  most 
interest  because  here  both  defect  modes  and  fundamental  and  com¬ 
bined  lattice  modes  are  arranged  within  small  spectral  interval. 
Fig.  4  presents  the  low  freguency  wing  of  Im(-£  ^(uJ  ))  at  dif  re¬ 
rent  temperatures.  The  wing  structure  is  observed  up  to  T  ^  300  tC 
and  can  be  identified  with  the  lattice  vibrations  for  binary  and 
ternary  components  known  or  discussed  formerly  [2-3].  The  band  at 
**=  105  cm  ^  was  firstly  observed  in  HgTe  and  its  solid  solutions 
with  low  Cd  content  [2].  Due  to  strong  temperature  dependence  this 
band  has  been  supposed  to  be  caused  by  subtractive  LA-TA  process 
allowed  for  zincblende  structure  at  the  L  and  X  points  of  the 
Brillouin  zone.  For  aJCLO)  =  125  cm  ^  and  u)(TA)  *  20  cm  ^  Baars  and 
Sorger  have  determined  the  energy  of  longitudinal  acoustic  mode 
•i>(LA)  =  ll2  cm  ^  correlated  with  the  band  =  113  cm  ^  observed  in 
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Fig.  4.  Analogous  band  was  obser — 
ved  in  HgCdTe,  CdMnTe  spectra  and 
attributed  to  impuri ty-activated 
LA  mode  of  CdTe,  and  what's  mo¬ 
re,  due  to  estimations  C'^]  small 
disordering  is  sufficient  to  ac¬ 
tivate  LA  vibrations  in  the 
spectral  range  <  120  cm  At 
last,  the  mode  at  =  95  cm  ^ 
corresponds  to  so-called  G  mode 
observed  formerly  in  reflection 
spectra  of  HgMnTe.  At  temperature 
increase  G  mode  moves  to  low  ene¬ 
rgies,  but  at  low  temperature  it 
falls  into  the  gap  between  acous¬ 
tic  and  optic  branches  of  HgTe. 

Immediate  vicinity  of  different  modes  leads  to  peculiar  behaviour 
of  reflection  peaked  at  <*>=  105  cm  The  latter  has  large  oscil¬ 
lator  strength  and  the  temperature  dependence  usual  for  two-phonon 
processes.  If  the  first  property  is  charac teristic  for  localized 
excitation,  the  second  one  applies  to  propagating  excitation.  To 
agree  this  inconsistency  we  propose  the  model  of  anharmonic  reso¬ 
nant  interaction  of  gap  mode  and  subtractive  lattice  vibrations 
[5].  Due  to  interaction,  the  hybrioization  of  wave  functions  takes 
place  resulting  in  the  modification  of  tne  spectral  distribution 
in  the  range  of  resonating  states  as  well  as  tne  probabilities  of 
viprational  transicions.  In  this  case  the  magnitude  of  reflection 
could  be  increased  at  the  exaence  o*  loca.  vibration  but  its  tem¬ 
perature  behaviour  would  be  controied  bv  two  phonon  process. 

Thus,  the  reflection  spectra  analysis  carried  out  allows  to 
identify  practically  all  vibrational  states  developed  from  the 
states  of  binary  and  ternary  components  of  HgCdMnTe  and  find  new 
features  caused  tv  energy  bands  crossinc. 
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Fig.  4.  Low-frequency  wing  of 
Im(-£  ))  for  HgCdMnTe  at 


different  temperatures. 
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FIR  TRANSMISSION  OF  Hg,  Cd  Mn  Te 

1— X— y  X  y 

Mazur  Yu. I.,  Kriven  S.I.,  Tarasov  6.G.  and  Shevchenko  N.V. 

Institute  of  Semicanductars  of  Academy  of  Sciences,  Ukraine,  Kiev 

Phonon  soectra  of  mul ticompanent  mixed  crystal  Hg  Cd  Mn  Te 

1— X— y  X  y 

manifest  a  lot  of  features  reflected  the  peculiarities  of  lattice  dy¬ 
namics  which  are  of  great  interest  for  different  applications.  At 
small  Mn  content  (  y  <  G.Q5  )  the  phonon  spectra  change  in  accordance 
with  two-mode  behaviour  under  x  variation.  The  overlapping  ranges  of 
LD-TO  Splitting  for  CdTe-  and  HgTe-like  vibrations  are  easily  separa¬ 
ted  from  the  reflection  spectra  with  the  LO-TQ  frequencies  falling 
into  the  calibrated  curves  for  Hg .  Cd  Te  [i].  Clustering  and  surface 
nodes  from  the  range  of  LO-TQ  splittings  are  studied  in  detail  by  me¬ 
ans  of  Raman  spectroscopy  [2]  and.  recently,  by  the  technique  of  FIR 
■'ef  lection  C'3].  Out  of  the  range  of  reststrahlen  ravs  one  finds  dif¬ 
ferent  impurity  modes,  the  modes  induced  bv  structural  disordering, 
activated  fundamental  and  combined  lattice  vibrations  and  so  far. 

There  is  much  less  information  about  these  excitations  for  HqCdTe, 

and  for  Hg ,  Cd  Mn  Te  it  is  quite  absent.  However  these  investiga- 

X  y 

tions  could  provide  the  data  on  degree  of  structural  disordering,  the 

^ole  of  Mn“  in  lattice  stabilization,  participation  of  compensated 

defects  in  lattice  dynamics.  Therefore  we  present  here  the  data  on 

transmission  for  Hq  Cd  Mn  Te  at  different  temperatures. 

^1-x-y  X  y 

Fig.  1  shows  the  transmission  spectra  of  Hg^^  ^^Cd^^  ^^Mn^ 
tvpe.  n  =  cm”'^  at  T=77  K.  thickness  d  "s:  0  -  2  mm).  Strong  absor — 

cHon  occupies  the  spectra!  range  from  u)  =  95  cm  up  to  td  =  165  cm 
Hdsctral  interval  from  cd  =  60  cm  ^  to  <*>  =  95  cm  ^  corresponds  to  mini¬ 
mum  values  of  single-phonon  density  of  states  for  both  the  HqTe  crys¬ 
tal  and  the  CdTe  one.  Below  u)  =  60  cm  ^  the  complicated  structure  of 
transmission  is  observed.  Low-frequency  features  of  s ing i e-phonon  den¬ 
sity  of  states  fall  into  this  spec.tral  ranqe  also.  Above  u>  k  165  cm  ^ 
and  UP  to  the  range  of  two-phonon  transition.,  the  density  of  sinqle 

ononon  states  approaches  zero  and  the  feature  at  uJ  =  190  cm  ^  corres- 

2-*-  , 
bonds  to  local  vibration  cf  Mn  ,  The  ranges  of  transmission  from  tx)  e 

—  1  —  f  —  1 

«  CO  to  U)  *!  32Q  cm  and  u)  >  320  cm  *  refer  to  the  two-  and 

"  nrej.3- ^nonon  prcsesses  respectively  To  analyse  the  transmission 

~  uj  '■  the  absorqtian  coefficient  •l(oJ)  is  calcul  a  ted  with  acc  oun  t  on 
tno  rerl  jcticn  soectra  measured  formelv. 

^hsc'^C''ion  coefficient  of  Hq^  ..Cdf.  ...,Mn_  __,Te  crystal  is  plotted 

UJaOJt  W«W^ 

.  F '  r.  .  Z  at  two  di  fferenr  temcerstures  'dashed  curves)  for  u)  '  95 


642 


cTi  Here  the  data  of  oaper  C5j  are  plotted  also,  which  were  obtai¬ 
ned  for  Hg^  av^^a  33^^  under  the  conditions  similar  to  our.  Comparing 
soectral  features  we  conclude  that  the  broad  absorption  band  at  a)  a: 

«  30  -  45  cm  ^  can  be  refered  to  the  transverse  acoustic  modes  of 
HgTe-  and  CdTe-type.  These  modes  are  activated  by  structural  discr — 
dering  of  each  of  components  as  well  as  by  impurity  ions  of  Mn"^  .  The 
letters  can  be  responsible  also  for  the  band  at  u)  =  53  cm”^  with 
strong  temperature  dependence  which  was  ascribed  by  Shen  et  al.C53  to 
resonant  vibration 
of  Mn^"*  in  CdTe. 

Its  worthwhile  to 
note  that  the  broad 
side-band  of  single¬ 
phonon  density  of 
states  caused  by  TA 
modes  in  CdTe  is  al¬ 
so  placed  in  this 
soectral  range. 

The  strong  ab¬ 
sorption,  as  can  be 
seen  from  Fig.  1, 
developes  at<«)=  95 
cm  ,  much  lower 
than  u)  =  118  cm  ^ , 
which  is  low-energy 
limit  of  LO-TO  ran¬ 
ges.  We  attribute 
this  frequency  to  LA 
mode  of  HgTe  activa¬ 
ted  by  structural  disordering  of  HgCdTe  lattice,  taking  into  account 
its  poiarication  and  energy  position. 

The  band  at  (J  =  cm  ^  we  refei^  to  local  vibration  of  be¬ 

cause  the  magnitude  of  absorption  peak  is  proportional  to  Mn-content 
and  its  temperature  dependence  is  habitual  for  localized  excitation. 
But  in  fact  the  situation  is  more  complicated  for  this  spectral  range. 
The  estimations  show  that  different  impurity  modes  could  be  active  at 
this  frequency.  From  theoretical  analysis  undertaken  by  Taiwan  and 
Vandevyver  [6]  it  follows  that  undetectable  impurities  of  A1 ,  K,  Fe 
substituting  Cd  in  CdTe  sublattice  or  Si,  Na  at  the  plate  of  Hq  in 
HgTe  will  generate  a  localized  vibrational  state  a t  u)  =  190  cm~^.  Be- 
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65^'"0  O"’^®  spectra  at  different 

tempera  tures 
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sides  the  2LA(L)  mode  of  HgTe  can  can 
tribute  to  this  band  also. 

Low-temperature  absorption  of  the 
crystals  investigated  in  the  range  of 
=  200  -  310  cm  ^  has  enriched  stru¬ 
cture  (Fig.  3)  due  to  both  the  multi- 
mode  behaviour  of  HgCdMnTe  and  a  num¬ 
ber  of  defect  modes.  The  band  at  = 

=  220  cm  ^  keeps  its  complicated  stru 
cture  UP  to  T  =  300  K.  Absorption  at 
the  band  maximum  is  of  2  cm  ^ .  Accor¬ 
ding  to  the  selection  rules  for  zinc- 
blend  structure  the  next  excitations 
can  be  actual  for  this  band:  overtone 
2LA(L)  of  CdTe,  compound  combinations 
T0(X)  +  LA(X)  (HgTe),  LOtX)  +  LA(X) 
'HgTe).  L0(L)  +  LA(L)  (HgTe).  It  means 
that  longitudinal  acoustic  modes,  for 
bidden  in  infrared  absorption  and  in 
Raman  scattering,  become  of  great  im¬ 
portance  for  FIR  transmission.  Another 
explanation  of  strong  (for  a  two-pho¬ 
non  spectra)  absorption  at<*)=  220  cm 
is  the  possibility  of  side-bands  mani¬ 
festation.  In  this  case  side-band  of 
the  vibration  localized  at  oJ  =  190 
cm  ^  reflect  the  density  of  states 
from  the  range  of  transverse  acoustic 
viorations  which  is  peaked  at  ^  30 

cm  ^  for  HgTe .  The  shift  of  absorption 
—  1 

at  (*)  =  220  cm  *  with  the  temperature 
increase  corresponds  to  the  shift  of 
Hn  absorption  peake.  The  overtones 
and  combined  excitations  for  the  fre¬ 
quencies  from  the  range  of  LO-TO  spli¬ 
ttings  of  HgCdTe  are  placed  within  the 
interval  u)  «  2-rO-320  cm  Weak  absorp 
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Fig.  2.  Absorption  coeffici- 
ent  of  Hgg_^5CdQ_33MnQ_Q2^e 
in  the  spectral  range  95 
cm  ^  at  twp  temperatures. 
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Fig.  3.  Two-phonon  absorption 

^^0.65^''0.33''"0.02^® 
different  temperatures 

ion  at  uJ  =  245  cm  ^  is  the  li¬ 


mit  of  compound  optical  transitions  and  can  be  refered  to  2T0 ( T ) ( HgTe ) . 
'he  t-imnera  ture  shift  of  absorption  at  oJ  -  304  cm  ^  (  —  10  cm  under 


'.amoeraturo  'ncrease  from  T  s  y  go  T  =  300  K)  allows  to  ascribe  this 
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feature  to  2T0(X)  mode  of  CdTe-component.  Really,  the  frequency  of  TO 
mode  of  CdTe  shifts  on  5  cm~^  towards  less  values  giving  evidence  for 
strong  anharmonicity  of  vibration.  The  latter  leads  to  the  intensifi¬ 
cation  of  two-phonon  absorption  and  to  the  correct  value  of  its  shift 
We  find  the  next  classification  for  the  other  features  under  conside¬ 
ration  in  this  spectral  range:  a)  «  265  cm  ^  is  2LQ(r)  HgTe  or  TO{L) 
HgTe  +  TOCL)  CdTe;  =  276  cm~^  is  TOCD  HqTe  +  TOCD  CdTe. 

To  fit  unambiguously  the  experimen- 
ta  data  the  dependences  are  neces-  v  j 

sary  for  HgCdTe.  Note  that  two-phonon  —  i 

peaks  with  CdTe  participation ,  as  a  ru-  £  ^S.4  /  I 

le,  are  more  prominent  that  those  with  i  \  ^OOK 
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HgTe  only.  ^  V  ^ 

Multiphonon  absorption  of  HgCdMnTe  2  \  Jo.4  /l 

is  plotted  in  Fig.  4  from  u)  «  320  cm  ^  ^  y.  ^40  I  \ 

to  =  400  cm  The  striking  feature  ^  \ 

is  at  «»)  =  380  cm  1 1  is  undoubtedly 

the  overtone  of  local  vibration  at  <«>  =  ®  I  T  I 

=  190  cm  The  magnitude  of  peak  is  a  J-  *  | 

proportional  of  Mn-content,  and  the  S  \  /  J  100K 

shift  towards  the  lower  energy  is  ap-  <  I 

proximately  twice  of  that  for  Mn-mode  1  I 

at  temperature  increase  from  T  =  5  to  A  A  I  gj^ 

T  =  300  K.  It  should  be  noted  a  out-of-  iVA — 

I - L.  i  -J _ >  '  ' _ »  »  » 

the-way  modification  of  absorption  line-  320  360  400 

shape  with  temperature  increasing.  The  FREHUEMCY  (Cm  ’) 

broad  band  at  O)  =  330-350  cm  ^  is  cau-  Fig.  4.  Three-phonon  absorp- 
sed  by  different  combination  of  trans-  tion  of  Hq^  ^^Cd^^ 
verse  optical  vibrations  which  are  of  at  different  temperatures 
high  dipole  activity. 

Thus,  the  analysis  of  acoustic  and  optical  modes  manifestation  al¬ 
lows  to  conclude  on  the  role  of  impurity  atoms  and  structural  defects 
in  the  change  of  dynamical  properties  of  narrow  gap  solid  solutions. 
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Polarization  diplexing  technique 
used  for  a  FIR  laser  sideband  heterodyne  spectrometer 


Daniel  BOUCHER,  Robin  BOCQUET  and  Waidong  CHEN 
Laboratoi're  de  Spectroscopie  Hertzienne 
University  des  Sciences  et  Technologies  de  Lille 
59655  Viileneuve  d'Ascq,  France 


An  improved  version  of  a  tunable  far-infrared  (FIR)  laser  sideband  heterodyne 
spectrometer  is  reported  in  this  article. 

The  generation  of  tunable  coherent  FIR  laser  sideband  radiation  is  generally  based  on 
the  modulation  of  a  fixed  frequency  FIR  laser  radiation  by  a  tunable  microwave  source  in  a 
nonlinear  mixing  component.  Different  detection  methods  lead  to  rather  different 
spectrometer  designs. 

The  FIR  laser  sideband  spectrometer  developped  in  Lille  (France)  uses  a  heterodyne 
detection  system  operating  at  room  temperature  [1]. 

The  FIR  source  is  a  molecular  laser  optically  pumped  by  a  commercial  PL6  C02  laser 
(Edinburgh  instruments).  The  CO2  laser  cavity  length  is  locked  to  the  point  of  maximum  FIR 
laser  output  power,  using  the  photoacoustic  effect  by  means  of  a  microphone  signal 
originating  from  the  FIR  laser  transition.  The  FIR  laser  radiation  is  extracted  via  a  gold- 
coated  dielectric  silicon  output  coupler  with  a  8  mm-diam.  hole  in  the  cc  iter.  The  FIR  laser 
system  has  been  described  in  detail  elsewhere  [1J. 

The  sideband  generator  is  a  GaAs  Schottky  barrier  diode  (Millitech  Corporation,  model 
MX-Q4),  mounted  in  an  open  structure  corner  cube.  As  the  sideband  power  level  increases 
with  input  level,  FIR  laser  power  of  at  least  1  mW  is  required.  A  similar  Schottky  diode 
(Farran  Technology  Limited,  model  Clll)  is  used  as  the  first  mixer  in  the  heterodyne 
receiver  system.  A  local  oscillator  power  of  about  1  mW  is  generally  needed  to  saturate  the 
diode  at  the  nonlinear  mixing  point. 


tn  contrast  to  baseband  detection,  in  which  rigorous  isolation  of  the  laser  radiation 
before  the  detector  is  a  major  constraint  due  to  the  poor  conversion  efficiency  of  the  Schottky 
diode  frequency  modulator  and  the  use  of  a  corner  cube,  heterodyne  detection  needs 
unmodulated  laser  radiation  as  local  oscillator  for  the  heterodyne  receiver,  eliminating 
optical  filtering  in  the  spectrometer  system. 

The  heterodyne  detection  method  necessitates  a  division  of  the  laser  radiation  into  two 
beams  directed  to  each  Schottky  diode  corner  cube.  The  principal  problem  is  to  develop  an 
optical  system  which  is  able  to  realize  the  coupling  of  laser  beam  and  of  sideband  radiation  as 
efficiently  as  possible.  The  solution  for  the  coupling  of  Gaussian  beam  results  in  a  beam 
splitter,  or  in  a  dual-beam  interferometer. 

A  beam  splitter  is  placed  in  a  resonator  structure  which  is  formed  by  a  corner  cube  of 
the  Schottky  diode,  a  movable  plane  mirror,  and  an  eil^jsoidat  focusing  mirror  [2],  The  laser 
beam  is  divided  by  the  beam  splitter,  then  coupled  to  the  sideband  modulator  and  heterodyne 
receiver  respectively.  The  sideband  radiation  coupling  towards  the  interaction  ceil  is 
optimized  by  adjusting  the  resonator  cavity  stmcture.  However  the  simple  structure  of  this 
setup  offers  only  a  sideband  coupling  efficiency  of  about  30%. 

The  dual-beam  interferometer  coupling  system  can  be  a  Mach-Zehnder  (M-Z)  non- 
polarizing  diplexer,  or  a  Martin-Puplett  (M-P)  polarizing  dipiexer. 

The  non-polarization  coupling  technique,  using  two  M-Z  diplexers  permits  a  coupling 
efficiency  of  ideally  100%  ignoring  the  dielectric  material  losses.  However  the  M-Z  diplexer 
requires  a  thickness  of  the  dielectric  beam  splitter  adapted  to  the  working  frequency,  so  that 
its  bandwidth  is  limited.  In  addition,  the  beam  splitting  of  dielectric  materials  is  always 
polarization  dependent.  Furthermore  if  we  consider  the  constraint  of  beam  truncation  losses, 
a  minimum  non-overlap  loss  of  -1.6  dB  is  not  avoidable  even  if  a  diplexer  of  the  confocal 
cavity  structure  is  used  with  an  enlarged  beam  waist. 

The  M-P  interferometer,  using  polarization  diplexing  technique,  couples  two  beams 
of  different  polarization.  Its  structure  allows  the  use  of  the  minimum  diplexing  path-length 
difference  and  an  enlarged  incident  beam  waist:  the  degree  of  non-overlap  can  thus  be 
minimized. 

A  quasi-opticai  system  using  the  polarization  diplexing  coupling  technique  has  been 
devetopped  for  our  FIR  laser  sideband  heterodyne  spectrometer.  The  schematic  diagram  of  the 
experimental  system  is  shown  in  Fig.1. 

The  FIR  laser  beam  is  enlarged  at  first  by  a  frequency  independent  Gaussian  beam 
telescope  system  consisting  of  a  parabolic  mirror  Mi  and  an  ellipsoidal  mirror  M2.  Then  the 
linearly  polarized  laser  radiation  is  converted  to  circular  polarization  by  a  polarization 
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rotator  MRi,  which  consists  of  a  wire-grid  poiarizer  and  a  plans  mirror  with  an  adjustable 
spacing.  By  a  verticai  wire-grid  polarizer  Qi,  the  laser  beam  is  divided  between  the 
transmitted  beam  which  serves  as  local  oscillator  for  the  heterodyne  receiver  and  the 
reflected  beam  which  passes  into  the  sideband  generator  after  crossing  the  cfiplexer  0i . 


Sideband  Helsredgne 


Fig.  1  Experimental  optical  system  scheme 


The  diplexer  Di  is  a  typical  M-P  interferometer.  The  interferometer  path  difference 
is  tuned  so  that  the  sideband  polarization  is  90°  with  respect  to  that  of  the  laser  radiation 
towards  the  sideband  generator,  in  order  to  separate  sidebands  from  the  laser  carrier  at  G1 . 
Another  similar  polarization  rotator  MR2  is  used^o  rotate  the  polarization  of  the  sideband 
beam  through  90°  again.  The  horizontal  wire-grid  polarizer  G2  thus  couples  the  unmodulated 
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laser  rarfiation  and  the  spectroscopic  signal  to  the  second  diplexer  02  which  recombmes  the 
two  beams  of  different  polarization  onto  the  heterodyne  detector. 


Compared  to  an  optical  system  using  a  non-polarization  coupling  technique,  the  non- 
overlap  losses  of  the  system  which  we  have  deveiopped  are  very  low.  especially  with  an 
enlarged  beam  waist  up  to  about  10  mm.  The  virtual  losses  of  the  entire  optical  system  are 
about  -0.5  dB  at  1400  GHz. 

The  working  frequency  bandwidth  of  the  system  is  determined  by  the  performance  of 
the  wire-grid  polarizer.  With  the  present  polarizers,  whose  wire  parameters  are;  2a>l0 
pm  &  g-40  pm  (where  2a  is  the  wire  diameter,  g  the  wire  spacing),  the  optical  system  can 

operate  over  a  wide  spectral  range  from  about  600  GHz  to  2500  GHz.  By  using  smaller  wire 
parameters,  the  performance  of  the  optical  system  at  higher  frequency  could  be  improved. 

In  addition,  this  quasi-optical  polarizing  coupling  system  permits  the  FIR  laser 
sideband  heterodyne  spectrometer  to  be  used  in  single  sideband. 
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HECHANISH  AND  DYNAHICS  OF  STIHUIATED  FAR-IR  RADIATION 
OF  HOT  HOLES  FROH  OOHPRESSSD  Ge 

I.V.Altukhov,  M.S. Kagan.  K.A.Korol'ov,  V.P.Sinia 

Institute  of  Radioengineering  aiui  Electronics 
Russian  Acadeay  of  Sciexu^s 
tiokhovaya,  18.  GSP-3.  lioscoH.  103907.  Russia 

Recently  we  have  observed  the  stioulated  emission  of  FIR  hot-hole  radiation 
from  p-Ge  under  uniaxial  compression  with  no  magnetic  field  applied,  tdxich  has 
been  Aie  to  direct  optical  transitions  between  strain-split  valence  subbands 
Cl].  In  this  report  the  experimental  data  concerning  with  the  origin  of 
population  inversion  of  valence  subbands  and  the  evolution  of  stimulated 
radiation  in  space  and  time  are  presented. 

The  stimulated  emission  was  observed  at  pressure  both  in  the  [111]  and 
[100]  crystallographic  directions.  The  threshola  compression  P  was  about  9  kbar 
for  [111]  and  6  kbar  for  [100]  and  in  both  cases  corresponded  to  the  valence- 
subband  separation  energy  A  (A  «  P)  close  to  the  optical  phonon  energy 

The  spontaneous  FIR  hot-hole  luminescence  intensity  at  intermediate 
electric  fields  beginning  at  impurity  breakdown  was  found  to  be  dependent  on 
stress  as  exp(-oiA)  with  constant  a  both  for  [111]  and  [100].  At  first  si^t,  the 
exponential  decreasing  of  spontaneous  radiation  intensity  with  stress  may  be 
explained  by  decreasing  of  hole  concentration  at  the  energies  £  >  A  in  the 
tail  part  of  a  distribution  function.  For  the  Maxwellian  distribution  function 
ct  *=  kTj^/  is  the  light-hole  temperature.  The  field  dependences  of  kT^^  are 
shown  in  Fig.l  both  for  [111]  and  [100].  There  Is  an  interval  of  electric  fields 
K  at  which  T^^  does  not  depend  on  B  for  both  stress  directions.  On  the  other 
hand,  the  spontaneous  radiation  intensity  increases  with  E  increasing  at  P 
fixed.  This  points  out  increasing  of  hole  concentration  in  the  upper  subband, 
i.e.  increasing  T^^.  The  contradiction  means  the  distribution  function  is  not 
Maxwellian.  Besides  it  is  clear  from  Fig.l  that  T^^  is  higher  and  an  initial 
field  for  T^^  increasing  is  less  for  P  1  flOO]  than  those  for  P  *  [111],  althou^ 
light  holes  having  somewhat  smaller  effective  masses  in  the  [111]  direction 
should  be  heated  at  lower  fields.  This  fact  shows  the  heating  of  light  Iwles  is 
affected  by  the  presence  of  the  heavy-hole  band  even  at  moderate  fields. 

The  cause  of  non-Maxwe Ilian  distribution  in  unstressed  semiconductor  is 
known  to  be  the  run-away  of  holes,  i.e.  acoustic-phonon  collisionless 
acceleration  by  the  field,  up  to  optical-phonon  energy  (streaming  motion)  [2]. 
IXie  to  strong  inelastic  optical-phonon  scattering  the  distribution  function  is 
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stretched  in  Boaentum  space  in  the  lK>le-drift  direction.  In  stressed  Ge  the 
upper  streiin-aplit  "heavy-hole"  band  aay  act  >  as  a  siailar  liait  for  bole 
run-away  up  to  the  energy  of  A  but  with  alaost  elastic  scattering  by  acoustic 
^onons.  If  the  probability  of  interband  acoustic-phonon  scattering  is  hi(^ 
enou^  in  ctmparison  to  intraband  one,  the  holes  accelerated  by  the  field  to  the 
energy  of  A  aay  accuaolate  in  the  upper  subband.  This  process  nay  lead  to 
inversion.  The  estimation  [3]  showed  the  condition  for  such  hole  sticking  being 
mE  >  8  is  the  li^t-hole  nobility  at  c  S  A,  s  is  the  sound  velocity)  can  be 
satisfied  already  at  low  fields  close  to  shallow  iniwrity-breakdown  threshold  in 
Ge.  If  the  most  of  the  holes  are  in  the  heavy-hole  band  as  a  result  of 
light-hole  run-away,  the  exponential  decrease  of  spontaneous  radiation  Intensity 
with  stress  have  to  depend  on  the  hole  tesperature  in  the  upper  band 
connected  with  T^  as  T^-  “  1)  (b^,  «cd  are  effective  masses  in  the 
heavy-hole  and  lii^t-hole  subbands).  The  values  are  marked  on  the  right-hand 
scales  of  Fig.l.  The  heavy-hole  temperature  turns  out  to  be  hi^er  than  lattice 
temperature  and  is  determined  only  by  the  intersubband  scattering  until  the 
field  heating  begins.  Since  m^  in  the  ClOO]  direction  is  less  than  that  in  the 
[111],  so  T._>  T.^  and  heavy  holes  in  [100]  begin  to  be  heated  at  lower  fields 
than  those  in  [111]. 

The  field  heating  of  heavy  holes  expands  their  energy  distribution  up  to 
optical-^onon  energy  counted  in  stressed  Ge  from  the  bottom  of  the  li^t-hole 
band,  so  the  limiting  energy  is  A.  After  opticad-phonon  emitting  the  holes 
are  transferred  to  the  lower  band  and  then  they  run  away  to  the  upper  one.  Thus, 
all  of  the  holes  are  in  the  energy  range  of  A  (Fig.2).  The  hipest  energy  of 
heavy  holes  depends  on  pressure  in  stressed  Ge  and  may  be  done  much  less  than 
that  without  stress  (^q).  As  a  result,  the  heavy-holes  are  in  a  narrow  energy 
range  when  A  is  close  to  the  optical-phonon  energy.  The  inversion  is  strong  in 
this  case.  The  stimulated  emission  have  been  observed  just  at  these  conditions. 

The  uniaxial  deformation  is  known  to  lead  to  the  negative  differential 
conductivity  (NDC)  caused  by  hot-hole  transfer  between  st  ain-split  valence 
aubbands  and,  as  a  result,  to  high-field  domain  formatio’.i  (see,  f.i.,[4]  and 
references  cited).  We  have  studied  the.;. interaction  between  high-field  domaiiu 
and  stimulated  radiation.  The  domain  formation  was  observed  at  pressure  above  4 
kbar.  There  was  two  cases  in  dependence  on  sample  contact  conditions.  In  first 
case  the  static  domain  was  formed  at  the  negative  sample  electrode  at  voltages 
in  KDC  region  and  caused  the  current  saturation  (Fig.3,b).  The  capacitive  probe 
mesurementa  showed  the  step-like  field  distribution  in  the  specimen  (Fig. 3, a). 
The  stimulated  emission  (curve  4  in  Fig.3,a)  arose  and  grew  as  the  dcmiain  width 
increased  with  the  voltage  increasing  reached  some  critical  value.  At  large 
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enou^  radiation  intensity  the  doi&aln  was  destroyed  and  the  field  dlstrilution 
becaae  uniform  (Fig. 3, a).  The  generation  (cnarve  5)  and  the  uniform  field 
distribution  maintained  at  voltage  diminishing  during  the  same  voltage  pulse 
down  to  values  much  less  than  exciting  voltages  (Fig. 3, a).  The  miniaum 
supporting  field  was  found  to  be  about  200  V/cn  which  was  somewhat  larger  than 
the  field  outside  of  the  domain.  These  data  show  that  hi^  voltages  necessary 
for  stimulated  emission  exciting  in  this  case  are  due  to  high-field  aomaln 
formation  because  the  out-of-domain  field  is  insufficient  for  generation. 

In  second  case  the  cxirrent  oscillations  caused  by  travelling  dcxaain 
formation  appeared.  At  not  too  high  voltages,  however,  the  stimulated  radiation 
arisen  could  coexist  with  (Kmn  oscillations.  The  stimulated  emission  and  current 
oscillation  magnitude  were  interdependent.  The  average  current  shown  in  Fig. 4 
illustrate  domain  evolution  at  FIR  generation.  At  the  pressure  Just  before  the 
stimulated  emission  threshold  the  current  oscillations  existed  at  all  fields 
used  and  the  average  current  saturated  (curve  1).  The  oscillation  frequency 
corresponded  to  the  domain  transit  time  with  velocity  about  lo’cm/s.  At  stress 
above  the  threshold  the  average  current  (eurve  2)  changed  similarly  as  the 
radiation  intensity  (curve  3)  and  the  current  oscillations  became  damped  as  the 
radiation  inflamed  and  disappeared  in  the  end.  The  travelling  domain  transformed 
to  the  static  one  as  the  radiation  intensity  increased  considerably.  The  further 
evolution  was  in  the  same  way  as  shown  in  Fig. 3:  next  Jump  of  emission  intensity 
and  current  and  conserving  of  stimulated  radiation  at  uniform  field  at 
diminishing  voltage.  Thus,  two  possible  stationary  generation  states  with  and 
without  domains  could  exist  in  this  case. 

For  some  samples  the  stimulated  radiation  could  appear  beginning  at  the 
impurity-breakdown  voltage  all  over  the  voltage  range  investigated  with  no 
current  oscillations  or  static  domain. 
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Abstract 

Fourier  transform  spectra  have  been  recorded  for  0-18  methanol  in  the  far-inffared  ground 
vibradonai  torsion-rotadon  band.  Because  the  CH3-iock  and  CO-strctch  bands  overlap  well  with  the  CO2 
laser  bands,  CH3*SOH  is  of  interest  as  a  source  of  optically-pumped  FIR  laser  emission.  From  FIR 
assignments,  accurate  combination  differences  are  obtained  which  allow  confident  assignment  of  the 
infrared  CH3-rock  and  CO-stretch  scries.  This  permits  identification  of  IR  pump  transitions  which  are 
coincident  with  CO2  laser  lines,  and  thence  can  lead  to  assignments  of  the  FIR  hiser  lines.  The  FIR 
spectral  measurements  are  also  needed  to  check  the  identification  of  IR-pump/FIR-laser  transition  systems 
through  IR/FIR  combination  loop  relations.  In  this  work,  57  subbranches  in  the  ground  state  FIR 
spectrum  of  0-18  methanol  have  been  assigned,  and  their  approximate  j-independent  origins  have  been 
determined.  These  have  been  fitted  to  a  model  torsion-rotation  Hamiltonian  in  order  to  determine  a  set  of 
molecular  constants  for  the  ground  state. 

Introduction 

In  common  with  its  normal  CH3OH  parent,  the  0-18  isotopomer  of  methanol  has  two  vibrational 
bands,  the  CO-stretching  and  in-plane  CHs-rocking  bands,  which  overlap  well  with  the  CO2  laser  bands 
and  lead  to  extensive  optically-pumped  far-infrared  (FIR)  laser  emission  [1].  Identification  of  the  lasing 
transitions  is  an  interesting  spectroscopic  puzzle,  which  has  sparked  much  interest  in  recent  years  in 
methanol  and  its  various  species,  and  has  led  to  a  considerable  increase  in  understanding  of  the  energy 
level  structure  of  both  ground  and  excited  vibrational  suies.  The  analysis  of  the  IR  vibrational  bands 
depends  heavily  on  a  knowledge  of  combination  differences  in  the  vibrational  ground  state,  hence  detailed 
analysis  of  the  torsion-rotation  microwave  and  FIR  ground-state  spectra  is  an  essential  co-requisite  for 
vibrational  spectroscopy  of  the  molecule. 

Microwave  spectra  of  CH3*®OH  were  first  observed  in  an  early  study  by  Hughes  et  al.  [2],  then 
investigated  more  fully  by  Gerry  et  al.  [3],  who  assigned  a  variety  of  transitions  at  low  rotational  quantum 
number  and  obtained  a  set  of  the  j-dependent  "a-type"  parameters  and  certain  of  the  J-independent  or  "b- 
type"  parameters.  Later,  in  order  to  explore  the  potential  of  0-18  methanol  as  an  FIR  laser  source, 
Goulding  et  al.  [4]  looked  at  the  optoacoustic  spectrum  with  CO2  laser  excitation  and  discovered  a  number 
of  promising  coincidences  between  CO2  laser  lines  and  CH3*80H  IR  absorptions.  They  predicted 
correctly  that  strong  FIR  laser  lines  would  be  pumped  by  the  10R{20)  CO2  line,  but  their  specific 
proposed  laser  wavenumber'  were  not  seen  in  practice  when  loli  et  al.  [1]  first  investigated  the  FIR  laser 
emission  from  this  molecule.  Following  the  repon  by  loli  et  al.,  which  also  included  a  low-resolution 
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survey  of  the  vibratianal  band  structure  conxprising  the  IR  spectrum  [1],  Lees  et  aL  utilized  the  results  of 
Goulding  [S]  along  with  further  work  mi  the  high-resolution  Fourier  transfonn  IR  and  FIR  spectroscopy 
to  assign  a  number  of  the  reponed  IR-pump/FIR-iaser  transition  systems  involving  both  the  CO-suetching 
[6]  and  CHa-rocldng  [7]  bands.  Around  the  same  time,  Petersen  and  Choi  [8]  explored  three  transition 
systems  with  IR-radio-frequency  and  IR-IR  double  resonance  and  confirmed  the  assignments  for  those 
systems,  including  the  more  likely  of  the  10R(20)  punning  schemes  proposed  by  Goulding  et  al.  [4]. 

In  this  paper,  we  report  on  our  progress  on  the  assignment  of  the  ground  state  torsion-rotation  FIR 
spectrum  of  0-18  methanol,  and  present  our  preliminary  set  of  J- independent  f»-type  constants  as 
determined  from  ^proximate  subbranch  origins.  If  time  permits,  some  applications  of  the  results  together 
with  those  from  IR  spectroscopy  of  the  CO-sttetching  and  CHs-rocking  bands  to  the  identification  of  FIR 
laser  transition  systems  will  be  discussed. 

FIR  Spectrum  and  Analysis 

The  FIR  spectrum  of  CH3**OH  was  originally  recorded  from  30-220  cm**  on  the  DA3,002 
Bomem  spectrometer  in  Ottawa,  at  a  resolution  of 0.004  cmr*.  Analysis  of  this  spectrum  gave  considerable 
information  about  the  torsion-rotation  energy  level  structure  of  the  ground  state  [5],  but  there  was  still  a 
lack  of  data  for  low  rotational  quantum  numbers  and  for  excited  torsional  transitions.  Therefore,  we  ran 
the  spectrum  again  recently  in  Onawa  from  15-470  cm**  at  higher  pressure  and  sensitivity,  using  the 
modified  Bomem  instrument  with  0.002  cm**  resolution  and  similar  conditions  to  those  discussed  briefly 
in  OUT  *3cD30H  study  [9]. 

Analysis  of  the  new  spectrum  is  still  in  the  early  stages,  but  the  increased  resolution  has  permitted 
many  of  the  highly  overlapped  Q  branches  to  be  followed  almost  to  their  initial  lines,  while  the  higher 
sensitivity  has  revealed  numerous  weak  excited  torsional  branches  much  more  clearly.  So  far,  we  have 
only  worked  our  way  up  the  spectrum  to  include  Q  branches  with  origins  lying  below  150  cm**,  but  it 
became  clear  almost  immediately  that  the  parameters  we  were  using  to  predict  the  origins  were  giving 
discrepancies  of  several  tenths  of  a  cm**.  To  remedy  this,  we  detennined  approximate  experimental  values 
for  57  FIR  subbranch  origins  by  extrapolating  from  the  inidai  lines  of  the  R,  Q  and  P  branches,  and 
included  4  microwave  Q-branch  origins  [3]  to  give  a  data  set  of  61  origin  wavenumbers.  These  are  listed 
in  Table  1,  and  it  can  be  seen  that  they  cover  a  fairly  wide  range  of  rotational  and  torsional  quantum 
numbers.  It  may  also  be  noted  that  they  arc  very  irregularly  distributed  in  the  spectrum,  due  to  the  large 
and  erratic  efrects  of  the  torsioneil  energy  changes,  hence  reasonably  accurate  calculations  are  indeed  of 
importance  in  locating  and  identifying  the  various  P,  Q  and/or  R  subbranches. 

We  then  fitted  the  subbranch  origins  by  non-linear  least  squares  to  a  set  of  h-type  parameters, 
using  the  Kivelson-Kinman  formula  [10]  for  the  energy  of  state  (nxK)  as  described  for  *3CD30H  [9]: 

W(nxK)  =  V3<l-cos3y>/2  +  F<P-,^>  +  (A  -  (B+C)/2]  -»•  Ve  <l-cos67>/2 

-  Dkk  K4  +  ki  K3<Py>  -(•  k2  K2<p.^>  +  k3  K<Py3>  +  ka  <P/> 

+  k5  K2<1-cos37>  -t-  ke  K<Py>  +  k7-5cPY2(i_cos3Y)> 

In  this  notation,  n  is  the  torsional  quantum  number,  x  is  an  index  defining  the  A,  Ei  or  E2  torsional 
symmetry,  K  is  the  component  of  the  rotational  angular  momentum  J  along  the  a-axis,  and  P.^  is  the 
torsional  angular  momentum  [10].  As  the  constants  F  and  A  arc  both  known  functions  of  the  axial 
moments  of  inertia,  Igi  and  Ia2.  we  fitted  directly  to  the  latter  for  convenience  [11].  Also,  we  chose  to 
constrain  parameter  to  zero  in  the  fit  to  avoid  the  linear  dependence  known  to  exist  among  the  matrix 
elements  for  six  of  our  parameters  [10,1 1],  The  FIR  origins  were  equally  weighted  in  the  fit,  but  the 


accuracies  of  the  microwave  origins  were  taken  to  be  lOx  better,  giving  them  lOOx  the  weight  of  the  FIR 
origins.  Table  1  includes  the  least  squares  residuals,  and  it  can  be  seen  that  the  61  origins  are  quite  well 
reproduced  by  the  1 1  b-ty^  parameters,  with  the  overall  weighted  standard  deviadon  being  1.95  and  the 
largest  residual  being  0.053  cm**.  The  values  found  for  the  parameters  are  given  in  Table  2  along  with 
their  nns  errors.  The  values  of  the  a-type  parameters  Ib,  Ic.  and  lab  were  taken  from  the  previous 
microwave  study  [3].The  axial  moments  of  inertia  lai  and  Ia2  and  the  torsional  barrier  height  V3  are  well 
defined,  and  are  similar  to  the  previous  microwave  results  [3],  but  some  of  the  smaller  torsion-vibradon-' 
rotadon  interacdon  parameters  are  not  very  well-determined  in  the  the  fit  We  hope  that  extension  of  the 
assignments  upward  in  wavenumber  to  include  more  origins  with  a  wider  range  of  torsional  stams, 
together  with  least-squares  fitting  of  the  subbranch  line  series  to  determine  more  precise  origins,  may 
improve  the  situadon  in  future. 
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Table  1.  Approxitpate  (n'T'K')<-(n"T"K")  Subbranch  Origins  (cm~^)  in  the  FIR  Spectrum  of  CH3>80H 


(n’t’K”) 

(n"T"K”) 

Tsa 

Vohs 

v<rVc 

(n’t’K*) 

(n’*T"K") 

TSa 

Vobj 

Vq-Vc 

(031) 

(010) 

A 

9.974 

0.004 

(110) 

(131) 

A 

67.185 

0.002 

(C22) 

(031) 

A 

16.075 

0.003 

(113) 

(122) 

A 

66.826 

-0.009 

(OB) 

(022) 

A 

8.772 

0.001 

(116) 

(125) 

A 

32.645 

0.001 

(034) 

(013) 

A 

21.381 

0.003 

(134) 

(125) 

A 

41.048 

-0.015 

(02.5) 

(034) 

A 

39.983 

0.GU2 

(137) 

(116) 

A 

111.171 

0.026 

(016) 

(025) 

A 

39.208 

-0.016 

(1310) 

(119) 

A 

83.455 

-0.034 

(037) 

(016) 

A 

35.961 

0.015 

(133) 

(124) 

El 

36.876 

0.000 

(028) 

(037) 

A 

,  53.172 

0.009 

(115) 

(124) 

El 

45.045 

0.000 

(019) 

(028) 

A 

67.881 

-0.001 

(136) 

(115) 

El 

112.395 

-0.053 

(0310) 

(019) 

A 

62.043 

-0.036 

(111) 

(120) 

E2 

77.291 

-0.003 

(0211) 

(0310) 

A 

65.241 

0.029 

(114) 

(123) 

E2 

56.742 

-0-007 

(033) 

(012) 

El 

17.755 

0.006 

(135) 

(114) 

E2 

97.791 

0.024 

(024) 

(033) 

El 

33.520 

-0.001 

(138) 

(117) 

E2 

104.415 

0.046 

(015) 

(024) 

El 

28.258 

-0.037 

(210) 

(131) 

A 

126.366 

-0.017 

(036) 

(015) 

El 

30.096 

0.007 

(213) 

(134) 

A 

122.253 

0.018 

(027) 

(036) 

El 

49.426 

0.006 

(234) 

(113) 

A 

150.918 

-0.012 

(018) 

(027) 

El 

59.611 

0.001 

(237) 

(128) 

A 

79.871 

0.016 

(039) 

(OIS) 

El 

52.026 

0.008 

(212) 

(133) 

El 

116.432 

0.001 

(0210) 

(039) 

El 

60.638 

-0.030 

(236) 

(127) 

El 

80.262 

-0.006 

(0111) 

(0210) 

El 

80.081 

0.029 

(211) 

(132) 

E2 

115.495 

-0.014 

(032) 

(011) 

E2 

14.082 

0.004 

(235) 

(126) 

E2 

95.352 

0.014 

(023) 

(032) 

E2 

25.543 

0.001 

(231) 

(210) 

A 

119.741 

0.003 

(014) 

(023) 

E: 

17.942 

0.013 

(222) 

(213) 

A 

150.235 

0.001 

(035) 

(014) 

E2 

25.345 

-0.015 

(216) 

(237) 

A 

109.317 

-0.042 

(026) 

(035) 

E2 

45.171 

0.012 

(221) 

(212) 

El 

146.236 

0.024 

(017) 

(026) 

E2 

49.904 

-0.003 

(215) 

(236) 

El 

100.746 

0.017 

(038) 

(017) 

E2 

43.214 

-0.013 

(220) 

(211) 

Ez 

138.916 

-0.000 

(029) 

(038) 

E2 

56.787 

0.005 

(0110) 

(029) 

E2 

74.619 

-0.014 

(0311) 

(0110) 

E2 

72.837 

0.001 

(021) 

(030) 

El 

5.4956(> 

0.0011 

(020) 

(Oil) 

E2 

5.0266b 

0.0003 

(012) 

(021) 

El 

1.1314b 

0.0010 

(130) 

(121) 

El 

6.2368b 

0.0009 

“  Torsional  symmetry.  ^  Orian  found  from  microwave  results,  and  given  lOOx  higher  weight  in  the  fit. 


Table  2.  J-Indeoendent  h-Type  Parameters  for  the  Ground  Vibrational  State  of  CHi'^OH 


Parameter 

Matrix  Element 

Value  ® 

Parameter 

Matrix  Element 

Value  3 

^ai  (amu-A2) 

0.760737(186) 

ki  (MHz) 

K3<P^> 

-1.503(593) 

Ja2  (amu-A2) 

3.21143(60) 

k2(MHz) 

K2<P/> 

-56.38(1.93) 

V3  (cm4) 

<l-cos3Tf>/2 

374.169(111) 

ky  (MHz) 

K<P^> 

-160.84(3.33) 

V6  (cm-1) 

<1-cos6tP'/2 

-1.273(107) 

ka  (MHz) 

<P/> 

-257.26(7.40) 

Djek  (MHz) 

-K^ 

1.232(105) 

ks  (MHz) 

K7<1-cos37> 

291.4(26.5) 

I})(amu-A7) 

(21.37594} 

k<,  (MHz) 

K<Py> 

fO.OO] 

Ic  (amu-A2) 

(22.16858] 

k7  (MHz) 

<JPy^{1-cos37)> 

-306.7(237.7) 

lah  (amu-A2) 

f-0.15138] 

S.D.b 

1.95 

3  Standard  deviations  in  the  last  figure  are  shown  in  parentheses.  Values  in  brackets  were  fixed  in  the  fit 
h  Overall  standard  deviation  of  the  fit,  in  weighted  cm*’. 
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Optical  Study  of  Residual  Donors  in  ZnSe/GaAs 
H.Nakata,  R.Komeda  and  T.Ohyama 
Department  of  Physics,  College  of  General  Education 
Osaka  University,  Toyonaka,  Osaka  560  Japan 


FAr-infrared  magneto-absorption  and  photolumineecene  are  observed  for 
MOVPE  grown  ZnSe  epitaxial  layers.  A  far-infrared  absorption  peak  at 
4.2T  for  the  wavelength  of  57^  m  la  assigned  to  transition  from  la  to 
2p.  state  of  Cl  donor  in  ZnSe.  Free  exciton  and  donor  bound  exciton 
are  observed  in  photoluninescenee  measurement.  The  splitting  of  these 
peaks  due  to  difference  in  thermal  expansion  coefficient  leads  us  to 
estimate  the  strain  in  the  ZnSe  layer  and  the  ionisation  energy  of  the 
residual  donor  is  calculated  from  the  splitting  between  the  main  peak 
and  two  electron  satellite  of  the  donor  bound  exciton. 


1 .  Introduction 

.A  ZnSe  epitaxial  layer  has  become  an  important  semiconductor  espe¬ 
cially  after  the  report  on  invention  of  the  blue  light  emitting  laser. 
The  control  of  residual  impurities  is  inevitable  to  fabricate  a  p- 
ZnSe .  Photoluminescence  measurement  has  been  widely  applied  to  charac¬ 
terize  residual  impurities.  In  photoluminescence  measurement,  not  only 
a  free  exciton  but  also  a  bound  exciton  can  be  observed.*  The  dif¬ 
ferent  residual  impurities  induce  the  bound  e.xciton  peaks  at  different 
peak  positions.  We  can  identify  the  residual  impurities  from  the  peak 
position  in  the  bulk  sample.  Complexity  comes  to  a  ZnSe  epitaxial 
layer  because  of  strain  in  the  ZnSe  layer  due  to  difference  in  thermal 
expansion  coefficient  between  ZnSe  layer  and  GaAs  substrate . ^ ^  Both 
free  and  bound  exciton  peak  split  because  of  the  strain.  We  estimate 
the  strain  from  the  splitting  of  the  free  exciton  peaks. 

Two  electron  transition  of  the  bound  e.xciton  is  radiative  recombina¬ 
tion  process  like  Auger  effect.*  The  electron  and  hole  in  the  bound 
e.xciton  recombine  each  other  and  excite  an  electron  to  the  excited 
state  of  the  donor.  We  can  easily  estimate  energy  difference  between 
the  ground  state  and  the  excited  state  if  the  donor.  We  observed  two 
electron  transition  in  ZnSe/GaAs  and  estimated  the  energy  difference. 
Far-inf  rared(  FIR )  magneto-absorpt?ion  of  dondrs  in  a  ZnSe  epitaxial 
layer  was  first  reported  by  K.Saitc  et  al..®  They  studied  I  doped  ZnSe 
and  observed  an  absorption  peak  at  5.3T  for  the  wavelength 
of  57ix  m. 

2  .  E.xperimental 

The  samples  which  we  used  in  this  study  were  ZnSe  epitaxial  layers 
grown  on  GaAs  substrate  by  MOVPE  { Metalorganic  Vapor  Phase  Epitaxy) 
method.  The  sample  thicknesses  are  10  and  20ji  m  .  A  CH3OD  laser  with 


S58* 


the  wavelength  of  57m  m 
was  employed  as  a  FIR 
source  and  the  sample 
was  placed  in  the 
magnetic  field  up  to 
5T  in  FIR  magneto- 
absorption  measurement. 

An  Ge  doped  with  As 
was  used  as  a  detector . 

A  xenon  flash  lamp  was 
operated  at  20Hz  as  an 
excitation  source  in 
photo-excitation 
measurement . 

We  made  photo¬ 
luminescence  measu¬ 
rement  in  a  conven¬ 
tional  way.  A  pulse  N2 
laser  with  puloe  width 
of  Ins  and  peak  power 
of  lOKW  was  employed 
as  an  excitation 
source.  Luminescence 
was  dispersed  by  a  monochromator  ( SPEX  1269)  and  detected  by  a  phot- 
multiplier.  The  signal  was  analyzed  by  a  boxcar  integrator. 

3.  Results  and  Discussion 


PHOTON  ENERGY(eV) 

Fig.l  Photolumlnescence  spectrum  of 
ZnSe/GaAs  with  thickness  of  20pm.  E,  and 
Ij  denote  free  exciton  and  donor  bound 
exciton  tine,  respectively. 


Figure  1  shows  photoluminescence  spectra  of  the  ZnSe  epitaxial  layer. 
Ex  denotes  a  free  exciton  line  and  I2  a  donor  bound  exciton  line.  A 
two  electron  transition  is  possible  in  bound  exciton  recombination. 
The  two  electron  transition  is  denoted  *12.  Each  line  spilits  into 
two  lines  by  a  residual 
tensile  strain  in  plain  Table  1 

due  to  difference  in  _ _ _ _ _ 

thermal  expansion  coef-  ~~  Z  '  ' 

ficient  between  ZnSe  and  t-omponent  Transition  energy  (eV) 

GaAs.®'*  The  photon  .  ~~ 

energies  of  emission  2.8012 

lines  are  listed  in 

Table  1.  We  can  E/  2.7973 

estimate  a  residual 

strain  to  be  ’r.2xl0*‘‘  Ij'  2.7947 

from  the  energy  sepa¬ 
ration  3.9meV  of  free  1/  2.7930 

exciton  doublet  Ex*  and 

'^2  2.7745 

Energy  separation 

between  the  main  peak  "j  2  0  77qd 

and  the  two  electron  ^ 

satellite  of  donor 


Transition  energy  (eV) 
2.8012 
2.7973 
2.7947 


2.7930 


2.7745 

2.7733 
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bound  exciton  gives  us  a 
energy  difference  between 
the  ground  state  and  the 
excited  state  of  the  donor. 

The  separation  between  • I2 
and  Iz  lines  is  about 
20meV.  It  is  close  to  the 
energy  difference  of  19.66 
meV  between  Is  and  2p  states 
of  Cl  donor  reported  by  Merz 
et  al . .® 

Figure  2  shows  FIR  absorp¬ 
tion  of  a  donor  in  the  ZnSe 
layer  with  the  thinckness 
of  10/z  m.  We  observed  a 
broad  absorption  peak  at 
4.2T.  Salto  et  al .  made  the 
same  kind  of  experiment  for 
I  doped  ZnSe  and  reported 
one  of  peaks  at  5.3T.*  The 
peak  position  is  different 
from  ours.  It  means  that 
our  residual  impurity  is  not 
an  iodine .  We  assumed  that 
the  absorption  peak  is  due 
to  the  transition  from  Is 
to  2p.  state  of  an  unknown 
residual  donor.  The  energy 
difference  between  Is  and 
2p«  state  at  zero  magnetic 
field  is  estimated  to  be  20.0meV  in  linear  Zeeman  effect  approxima¬ 
tion  with  the  electron  effctive  mass  of  0.145mo.’  The  obtained  value 
agrees  well  with  that  from  photoluminescence  measurement. 

The  thick  sample  reveals  a  more  sharp  resonance  at  the  same  magnetic 
field.  It  means  that  it  has  a  good  crystal  quality.  When  we  elevates 
the  bath  temperature,  the  broadening  of  the  peak  occurs  and  the  peak 
shifts  to  higher  magnetic  field  as  shown  in  Fig. 3.  The  linewidth  of 
the  absorption  peak  changes  from  51  to  61>u  eV  at  4.2  to  20K.  Residual 
strain  induces  the  broading  of  EnD/Eg,  where  En  is  the  ionization 
energy  of  the  nth  level ( =7meV  )  ,  D  is  deformation  potential ( =4 . leV )  , 
is  a  strain  and  Eg  is  a  energy  gap(  ==2 . 8eV )  .  The  estimated  broadening 
due  to  residual  strain  is  about  7.6m  eV .  Other  mechanisms  are  neces¬ 
sary  to  explain  the  linewidth. 

Another  interesting  result  is  photo-modulated  absorption  experiment. 
In  this  experiment,  a  two  channel  boxcar  integrator  was  used  and  one 
gate  opened  just  afrer  pho toe. x citation  and  another  gate  at  enough 
delayed  time.  At  4.2T,  FIR  absorption  decreases  due  to  photoexcita¬ 
tion.  In  normal  situation,  photoex'citation  creates  electron-hole  pair 
and  ionized  impurity  captures  free  carriers  to  become  a  neutral  im¬ 
purities.  In  this  case,  photoe.xcitation  ionizes  neutral  donors.  In¬ 
terface  between  ZnSe  and  GaAs  may  play  a  important  role  for  this 


Fig.2  Far-infrared  magneto-absorption  of 
ZnSe/GaAs{t=10|j,m).  An  absorption  peak  at 
4.2T  corresponds  to  Is  to  2p,  transition  of  a 
residual  donor. 
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mechanism. 


4 .Conclusions 


We  estimated  residual  strain 
of  7.2xl0-'‘  the  splitting  of 
free  exciton  lines  and 
assigned  the  residual  donor 
to  Cl  impurity.  The  Is  to  2p* 
transition  of  Cl  impurity  is 
observed  at  4 . 2T  in  FIR  absor™ 
ption  for  the  wavelength  of 
57a(  m.  The  estimated  energy 
difference  between  Is  and  2p. 
state  at  zero  magnetic  field 
agrees  well  with  the  result 
of  photoluminescence.  Tempera¬ 
ture  dependent  line  broadening 
and  photoionization  of  donors 
are  observed. 
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Fig. 3  Temperature  dependence  of  FIR 
magneto-absorption  of  ZnSe/GaAs(t»20nm). 
Linebroadening  and  peak  shift  are  observed 
at  higher  temperatures. 
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NENP  -  A  MODEL  MATERIAL  FOR  MAGNETIC  RESONANCE 

S.  Luther®,  W.  Lu**,  J.  Tuchendler®,  M.  von  Ortenberg®,  J.  P.  Renard*^ 

®Institut  fhr  Halbleiterphysik  und  Optik 
H  0  chmagnetfeldanlage 
Technische  Universitfit  Braunschweig 
D-3300  Braunschweig,  Germany 
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Shanghai  Institute  of  Technical  Physics,  Academia  Sinica 
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We  report  on  FIR-magneto  transmission  experiments  on  the  model  material 
NENP  representing  the  most  realistic  system  for  the  antiferromagnetic  linear 
chain  with  S  =  1.  For  such  systems,  Haldane  made  the  conjecture  that  the 
excited  triplet  states  of  the  system  are  separted  from  the  singlet  ground  state  by 
a  nonzero  gap  in  contrast  to  the  case  for  S  =  1/2[1].  After  the  first  direct  proof 
of  the  existence  of  the  Haldane  gap  2,  we  have  investigated  all  possible 
transitions  in  the  ideal  system  of  infinite  chains  as  well  as  the  special  effects  due 
to  ending  and  breaking  of  the  chains.  Impurity  transitions  are  also  observed. 
This  implies  that  the  selection  rules  of  the  ideal  system  are  broken.  The  present 
data  demonstrate  the  efficiency  of  FIR-«pectroscopy  in  the  investigation  of 
complex  spin  systems. 

1.  F.D.M,  Haldane,  Phys.  Rev.  Lett.  50,  1153  (1983). 

2.  W,  Lu,  J,  Tuchendler,  M.  von  Ortenberg,  J.  P.  Renard,  Phys.  Rev.  Lett.  67, 
3716  (1991). 
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HIGH  FREQUENCY  FIR-LASER  MODULATION  FOR  PULSED 
HIGH  MAGNETIC  FIELD  APPUCATION 

R.  Krevet,  F.  Roters  and  M.  von  Ortenberg 

Institut  fur  Halbleiterphysik  und  Optik 
Technische  Universitfit  Braunschweig 
D-3300  Braunschweig,  Germany 


We  report  on  the  first  successful  high  frequency  modulation  of  an  optically 
pumped  FIR-molecular  gas  laser  in  the  range  of  10^  to  10^  Hz.  Such  high 
modulation  frequencies  are  necessary  to  apply  a  fast  lock-in  technique  for  the 
detection  of  FIR-magneto-optical  spectra  in  high  pulsed  magnetic  fields  with 
pulse  duration  of  the  order  of  some  msec.  This  high  frequency  lock-in  technique 
has  ben  demonstrated  to  give,  for  magneto-transport  measurements,  the  same 
signal-to-noise  ratio  as  known  from  experiments  in  quasistationary  fields  as 
produced  by  superconducting  or  BITTER  solenoids  [1]. 

The  modulation  is  provided  by  a  Q-switch  technique  applying  special  piezo 
controlled  mirror  supports  of  the  laser  cavity.  Using  a  high  performance  Piezo 
ceramic  tandem  configuration,  we  were  able  to  displace  the  incoupling  mirror,  of 
4  cm  diameter  with  a  coupling  hole  of  3  mm  at  a  resonance  frequency  of  195  k-Hz. 
In  resonance,  the  displacement  amplitude  is  sufficiently  large  to  result  in  full 
modulation  of  the  FIR-laser  emission  line. 

The  detection  of  the  high  frequency  modulated  radiation  intensity  is 
performed  by  a  multi-element  photoconductivity  detector  system  as  described  in 
[2].  Magnetotransmission  spectra  obtained  by  this  method  are  of  the  same 
quality  obtained  for  those  with  modulation  frequencies  in  the  order  of  10  to  100 
Hz.  The  additional  advantage  of  the  modulation  method  is  FIR-magneto-optics 
is  the  fact  that,  due  to  the  modulation,  the  base  line  for  zero  transmission  is  well 
defined  in  contrast  to  the  common  experiments  in  pulsed  magnetic  fields,  where 
only  the  magnetic  field  induced  change  is  recorded  without  reference  to  the  zero 
transmission  value.  -■ 

References: 
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FIR-Study  of  Rare  Earth  Compounds 

P.  Janssen,  F.  Heriacfa,  L.  Van  Bockstal  and  J.  Witters 

LabomtoriumvoorLageTanperaturmenHoge-Vddatfysica 
K.  U.  Leuven,  Cdestijnenlaan  2O0D,  3001  Leuven,  Bdl^um 

1.  m&QDycnoN, 

An  ion  with  a  partially  filled  shell  has  non-eero  ai^;ular  momentum  and  a 
conesponding  magnetic  moment  In  a  magnetic  field,  this  leads  to  precession  of  the 
magnetie  moment  around  the  magnetic  field  with  the  Larmor  frequen^.  If  an  osdUating 
magnetic  field  is  applied,  the  orientaticm  of  the  magnetic  mcment  can  be  reversed.  This 
phenomenon  is  weO  known  as  "Electron  Paramagnetic  Resonance"  (EPR). 

Resonance  occurs  when  the  frequency  of  the  oscillating  field  is  equal  to  the 
Larmor  fiequeiuy.  For  a  firee  ion  this  is: 


(/ig  is  the  Bohr  magneton).  The  Land6-fiictor  g^  is  given  by: 

^  2J(J-I) 


J,  L  and  S  are  the  quantum  numbers  for  the  total,  total  angular  and  total  spin 
momentum  respectively. 


If  the  ion  is  inside  a  crystal  it  is  subjected  to  the  electrostatic  influence  of  its 
neighbours,  descnbed  by  the  crystal  field.  The  energy  levels  are  shifted,  and  the 
resonance  condition  changes  acoirdingiy.  To  appreciate  this  effect,  one  has  to  compare 
these  changes  in  energy  levels  with  other  interactions.  In  the  case  of  the  rare  earth  ions 
the  magnetic  moment  is  due  to  the  partially  filled  4f-shell.  This  shell  is  surrounded  by  the 


5s-  and  5p-  shells  and  these  saeen  the  crystal  field  very  effectively  (in  contrast  with  e.g. 
the  case  of  incomplete  3d-sheils).  Typical  shifts  product  in  the  energy  levels  are  of  the 
order  of  10  to  100  cm  ^  The  situation  can  thus  be  summarised  as  follows  (see  fig.  1): 

•  The  ground  state  for  a  free  ion  is  determined  using  Hund’s  rules.  This  yields  the 
values  for  J,  L  and  S.  This*ground  state  is  (2J+l)-fold  degenerate. 

•  Hus  degeneracy  wUl  be  lifted  (partially)  the  crystal  field.  How  far  the 
degeneracy  is  removed  depends  on  the  symmetry  of  the  crystal  field.  However,  if 
the  number  of  electrons  in  the  shell  is  odd,  Kramers’  theorem  applies:  the 
degeneracy  caimot  fully  be  lifted  by  an  electric  field.  The  remaining  degeneracy 
is  in  this  case  at  least  twofold. 

•  An  applied  magnetic  field  will  lift  the  remaining  degeneracy.  EPR  between  these 
split  levels  can  be  observed  under  suitable  circumstances. 

The  difference  in  energy  between  the  ground  term,  as  given  by  Hund’s  rules,  and 
the  higher  terms  is  much  higher  than  the  splitting  induced  by  the  crystal  field.  In  most 
cases  one  can  therefore  ignore  the  higher  terms  completely  at  £ar-infir^ed  (FIR)  photon 
energies.  The  splittings  caused  by  the  crystal  field  however  are  right  within  the  FIR 
region,  which  is  therefore  well  suited  for  this  studies. 


2.  THE  USE  OF  HIGH  MAGNFnC  FIELDS. 

In  case  of  a  large  zero  field  splitting,  even  in  very  low  magnetic  fields,  the  use  of 
FER  radiation  may  be  necessary  to  observe  EPR.  There  are  a  number  of  advantages  in 
the  use  of  high  magnetic  fields: 

•  Qosely  spaced  lines  can  be  resolved,  resulting  in  a  more  acciuate  determination 
of  the  resonance  field  and  easier  study  of  line  shapes. 

•  Many  lines  appear  narrower  in  higher  fields.  This  makes  detection  easier  and  can 
be  of  great  help  in  separating  different  contributions  to  the  line  width  (e.g. 
hyperfine  lines). 

•  Evidently,  the  energy  levels  can  be  mapped  over  a  wider  field  region. 

•  The  difference  between  the  applied  magnetic  field  and  the  local  field  can  be 
calculated  in  terms  of  a  demagnetising  field.  This  depends  on  the  magnetisation 
in  the  sample,  which  in  turn  depends  on  the  applied  field.  It  is  a  definite 
advantage  that  in  high  fields  the  magnetisation  can  be  saturated.  Correct  g-values 
can  then  be  derived  from  the  slope  of  the  measured  resonance  condition  (i.e. 
from  a  plot  of  photon  energy  versus  applied  field  at  resonance). 

3.  EXPERIMENTAL  SET-UP. 

We  use  two  different  spectrometers.-  They  do  not  differ  very  much  in  principle,  but 
are  very  different  in  the  experimental  arrangement.  Both  use  an  optically  pumped  FIR- 
laser  as  radiation  source,  A  diagram  of  the  spectrometer  based  on  a  superconducting 
magnet  (up  to  12  Tesla)  is  given  in  fig.  2.  Due  to  the  limited  sweeping  speed  of  the 
superconducting  magnet  a  measurement  with  this  spectrometer  takes  typically  15  minutes. 
As  shown  in  the  diagram,  the  radiation  is  chopped.  Part  of  the  beam  is  split  off  to 
stabilise  the  laser.  The  transmitted  radiation  is  detected  by  a  slow  detector  (c.g.  a  carbon 
bolometer),  mounted  under  the  sample. 
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Fig.  2  FIR  armsmission  spectrometer 


The  second  spectrometer  is  based  on  a  ptilsed  magnet  This  technique  produces 
much  higher  fields  (  over  50  Tesla),  but  on  an  entirely  diiSerent  time  scale,  llie  pulse 
duration  is  of  the  order  of  10  milliseconds.  High  speed  detectors  (e.g.  InSb  hot  electron 
bolometer)  and  high  speed  electronics  (such  as  transient  recorders)  must  be  used. 
Experimental  conditions,  e.g.  the  stability  requirements  for  the  laser,  are  very  different 
for  both  spectrometers. 

4.  SOME  EXPERIMENTAL  RESULTS- 

The  case  of  TmV04  [1]  illustrates  very  well 
the  lifting  of  the  free  ion  degeneraty  by  the  crystal 
field.  As  can  be  seen  from  fig.  3,  not  one  (as 
expected)  but  several  resonance  lines  are  seen.  The 
resonance  condition  (see  fig.  4)  was  determined  by 
repeating  the  measurement  at  different  wavelengths. 

The  TmVO^  crystal  is  very  easily  distorted,  and 
different  distortions  with  different  symmetries 
produce  different  splittings  of  the  ground  state.  This 
explains  the  different  lines,  ail  with  the  same  g*value 
but  with  different  zero  field  splittings.  „ 

The  case  of  DyAlG  is  more  complicated.  EPR 
in  this  material  was,  until  now,  only  done  in  diluted 
materials.  This  has  the  advantage  that  interactions 
between  the  different  magnetic  moments  are  strongly 
reduced.  However,  in  high  fields,  the  study  of  the 
undiluted  material  can  be  undertaken.  Here  also,  many  lines  were  detected  (see,  e.g.  fig. 
5).  The  explanation  given  for  TmV04  is  not  applicable,  due  to  the  Kramers  theorem.  The 
observed  Unes  can  roughly  be  grouped  according  to  their  g-values.  Extra  lines  with  a  g- 


Fig.  3  EPR  spectrum  in  TmV04 


value  corresponding  to  the  expescted  doublet  splitting 
can  be  accounted  for  in  terms  of  nearest  neighbour 
interactions.  Effects  of  non-stoichiometiy  can  explain 
many  of  the  other  lines.  We  consider  extra  -ions 
occupying  sites  in  the  crystal  normally  occupied  by  Al^*^ 
-ions.  This  has  a  double  effect:  some  of  the  regular 
-ions  see  their  crystal  environment  changed  by  this 
interchange.  Furthermore,  there  can  be  signals  caused 
by  the  irregularly  placed  Dy’"^  -ions.  Some  of  these  lines 
show  a  g-factor  which  is  much  lower  than  expected. 
This  effect  does  not  account  for  all  of  the  lines  that  are 
seen,  but  is,  for  a  specific  group  of  lines,  consistent  the 
angular  variation  of  the  spectra. 


Fig.  4  EPR  resonance 
condition  for  TmV04 
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Fig.  5  EPR  spearum  in  DyAlG 


Two  more  promising  cases  are  DyPO^  and  TbP04.  Both  of  these  were  until  now 
not  studied  in  the  far  infrared,  but  literature  data  on  optical  transitions  generate  interest 
in  a  FIR  study  of  these  materials  as  well.  The  results  will  be  presented  and  discussed  at 
the  conference. 
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OPTIMUM  TRANSVERSE  PARAMETERS  OF  MINI-OPFIRL 
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ABSTRACT 

Double-peak  of  the  operating  pressure  had  been  found  when  the  transverse 
feedback  was  strong  enough.  The  density  matrix  for  non-monochromatic  signal 
fields  was  presented  for  calculation. 

INTRODUCTION 

The  application  of  OPFIR  lasers  stimulated  the  study  of  the  miniaturization  of 
FIR  sources A  cw  OPFIR  laser  with  the  cavity  length  as  short  as  5  cm  was 

3 

reported  in  1986  .  Miniature  pulsed  OPFlRLs  with  their  cell  length  from  1  to  5 
cm  were  delevoped  and  the  transverse  feedback  enhancement  effect  was  found  to 
be  an  active  role  in  a  mini-OPFIRL  . 

EXPERIMENTS 

The  experimental  setup  was  a  conventional  OPFIRL  system  except  the  sample 

5 

tubes  were  newly  designed  .  Different  sample  tubes  made  of  three  materials 
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Fig.l  The  output  characteristic  of  mini-OPFIRL  of  three 
sample  tubes  with  018mm  ID. 


Supported  by  Science  Foundation  of  Zhongshan  University 


FIB  power<*.u.) 


Fig.2  The  output  power  of  mini-OPFIBL  with  different  inner 
diameters. 

including  aluminumi  brass,  copper  with  two  different  inner  diameters  (018mm 
and  022mm)  and  the  same  length  (39mm)  were  used  to  investigate  the  dependence 
of  output  power  on  the  transverse  parameters  of  the  sample  tube. 

Fig.l  was  the  experimental  curves  of  the  output  power  versus  the  operating 
pressure  of  three  sample  tubes  with  the  inner  diameter  of  018mm.  In  the  FIR 
region,  the  reflectivity  of  copper  was  the  highest  among  these  materials,  and 
that  of  brass  was  the  lowest.  It  was  evident  that  the  higher  the  reflectivity 
of  the  tube  wall,  the  larger  the  output  power  of  the  mini-OPFIBL. 

Fig.2  showed  that  the  maximum  output  power  of  the  copper  sample  tube  with  the 
inner  diameter  of  018mm  was  larger  than  that  of  022mm,  and  furthermore,  the 
output  power  of  the  latter  dropped  faster  than  the  former  when  the  operating 
pressure  was  higher  than  the  optimum  operating  pressure. 

The  other  result  was  that  the  optimum  operating  pressure  of  the  mini-OPFIBL  of 
018mm  copper  sample  tube  had  two  peaks,  the  first  in  P=40:«  133.32Pa  and  the 
other  about  in  P=80xl33.32Pa. 

THE  DENSITY  MATRIX  FOR  NON-MONOCHROMATIC  SIGNAL  FIELDS 

In  a  transverse  feedback  enhanced  mini-OPFIR  laser,  there  was  interaction 
between  the  transverse  feedback  and  the  stimulated  emission  in  the 
longitudinal  direction.  The  conditions  of  the  excitation  and  the  emission 
between  the  two  signals  were  different,  so  the  production  of  the  amplified 
spontaneous  emissions  were  quite  different.  The  density  matrix  for  non- 
monochromatic  signal  fields  should  be  considered. 

It  was  assumed  that  the  electric  field  interacting  with  the  molecular  system 
include  the  pump  laser  field  and  the  signal  laser  field,  where  the  pump  laser 
was  assumed  to  be  monochromatic  field  with  its  frequency  and  the 

signal  laser  was  the  non-monochromatic  field  which  was  taken  to  consist  of  n 
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discrete  frequency  signals,  u  ^  : 

s  •  n  ^2 

E{t)=  ^  E  exp(w  t)+  h  2E  exp(^_  t>+c.c. 

With  the  rotating  wave  approximation  and  solving  for  the  quasi-steady-state, 
the  density  matrix  equation  for  three-level  system  was  expanded  as  a  set  of 
4N-t-5  complex  linear  equations,  where  N  was  the  number  of  the  discrete 
frequency  signals  concerned.  By  writng  the  equations  in  matrix  form,  the 
equations  were  solved  and  gain  coefficients  for  N  discrete  signals  were 
obtained: 


13  1  3  1  4  3ft  • .  n  3  ft _  4  ft  ft 

^321.  n  '‘a3^l“ 


B 


h  )  -B^B^  {El)l 

1  3  nn  p  a.n  3  n 


where 

h  =l+x^+2B^  +4b’-2B^  (-2x+y^Vtl+(-x+y  )*+B*+B^  1 

1  n*,n  pn«.n  n  n  P*.n 


The  gain  coefficient  for  the  FIR  signal  with  the  frequency  „  was 
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Fig.3  The  calculated  curves  of  a  mini-OPFIRL,  where  0  was  the 
calculated  point.  The  sample  tube  was  40mro  long  and  ^18mm  ID. 
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THEORETICAL  CALCULATION  ON  MINI-OPFIRL 

By  means  of  the  theoretical  model^  and  the  density  matrix  for  non- 
monochromatic  signal  fields  discussed  above,  the  output  power  of  the  mini¬ 
ature  OPFIR  laser  could  be  calculated  by  the  iteration  calculation  method. 

Fig.3  showed  the  calculated  curves  of  the  output  power  of  the  laser  varying 
with  the  operating  gas  pressure,  where  the  sample  tube  was  40mm  long  and  018mm 

ID,  the  intensity  of  the  input  pustp  laser  and  the  pump  laser  spot  were  4MW/cm^ 
and  010mm,  respectively.  Three  conclusions  from  the  results  could  be  obtained; 

i.  The  reflectivity  of  the  side  wall  of  the  sample  tube  affected  the  output 
power  of  OPFIRL  but  not  the  optimum  operating  gas  pressure.  The  higher  the 
reflectivity,  the  higher  the  output  power,  ii.  There  were  two  optimum 
operating  gas  pressures  when  the  reflection  coefficient  was  greater  than  80%, 
the  first  peak  in  P=40xl33.32Pa  and  the  second  in  P=70xl33.32Pa.  This  was  in 
agreement  with  the  experiment  of  the  copper  sample  tube  as  shown  in  Fig.l. 
Hi,  The  shape  of  calculated  curves  was  in  agreement  with  that  of  experimental 
curves.  When  the  operating  gas  pressure  was  lower  than  the  optimum  pressure, 
the  output  power  increased  rapidly  as  the  operating  pressure  increased.  When 
the  operating  presuure  was  higher  than  the  optimum  pressure,  the  output  power 
decreased  slowly  as  the  operating  pressure  increased. 

The  double-peak  phenomenon  resulted  from  the  interec  tion  between  the 
transverse  feedback  and  the  ASE  signals  along  the  optical  axis.  The  first  peak 
corre8xx>nded  to  the  contribution  of  the  transverse  feedback  and  the  second  the 
ASE  along  the  optical  axis.  These  two  signals  enhanced  each  other.  When  the 
reflectivity  became  lower,  the  effect  of  the  transverse  feedback  would  be 
weaker  and  so  would  the  enhancement  to  the  longitudinal  signal.  Hence  the 
second  peak  disappeared. 

CONCLUSSION 

The  dependence  of  optimum  operating  pressure  on  the  transverse  parameters  of 
the  sample  tube  was  studied.  The  mechanism  of  the  processes  in  mini-OPFIRL  was 
revealed,  which  was  important  for  the  development  of  the  OPFIRL  theory  a..d  the 
utillization  of  mini-OPFIRL. 
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In  this  paper,  the  detailed  ualyses  of  high-resolution  Fourier 
transform  spectra  of  the  infrared  (IR)  C-0  stretch  and  far  infrared 
(FIR)  torsion-rotation  bands  of  aethyl  alcohol  have  been  applied  to 
predict  30  potential  FIR  laser  lines  and  to  confirm  previously 
proposed  assignments  of  FIR  ealssion  lines  optically  pumped  in  the 
second  and  third  excited  torsional  states  of  the  C-0  stretch  state. 
The  combination  loop  closure  technique  provided  accurate  frequencies 
for  the  observed  and  predicted  FIR  laser  transitions. 
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Ov«r  the  last  decade  there  has  been  a  great  deal  of  Interest  in 
the  study  of  infrared  (IR)  ^uld  lar  infrared  (FIR)  spectra  of  methanol 
and  its  isotopic  species  [1-261.  This  is  mainly  because  of  a  large 
niuBber  of  FIR  laser  lines  obtained  from  these  molecular  species  when 
pumped  by  a  COa  laser.  As  far  as  FIR  laser  emission  is  concerned  the 
high  resolution  spectroscopic  study  in  the  IR  and  FIR  regions  provide 
perhaps  the  best  available  method  for  identifying  the  quantum  numbers 
involved  in  the  abosrption  and  emission  transitions.  The  ground  state 
FIR  transition  assignments  provide  a  powerful  method  for  checking  the 
correctness  of  the  assignment  scheme  by  the  loop  closure  technique 
[173.  In  the  case  when  the  emitted  frequency  is  not  measured 
precisely,  the  closed  loop  provides  the  frequency  of  the  observed 
laser  line  with  a  precision  which  is  atleast  one  order  of  magitude 
better  than  that  can  be  obtained  from  usual  wavelength  measurements. 
Another  aspect  of  the  loop  closure  technique  is  that,  one  cam  predict 
the  frequencies  of  yet  unobserved  FIR  emission  transitions  possible 
from  the  same  upper  level  with  the  same  order  bf  precision.  The 
knowledge  of  quantum  number  assignments  at  FIR  lasiixg  transitions  is 
not  only  of  fundamental  spectroscopic  interest  but  also  of  importance 
for  optimum  operation  of  the  FIR  laser  through  the  control  of  operat¬ 
ing  conditions. 

In  this  work,  an  extensive  analysis  has  been  carried  out  on  an  IR 
spectrum  of  the  C-0  stretch  fundamental  band  at  a  resolution  of  ^.002 
cifl-i  recorded  on  a  BOMEM  Fourier  transform  spectrometer  at  the 
Herzberg  Institute  of  Astrophysics  in  Ottawa  [10-19].  As  an  immediate 
application  of  this  work,  we  provide  valuable  confirmation  of  recently 
proposed  assignments  for  IR  absorptions  and  FIR  laser  emissions  pumped 
by  four  different  COz  laser  lines  [13]  viz.  9B(8),  9P(20),  9P(26)  and 
9P(4).  Further,  24  potential  FIR  emission  lines  are  predicted  in 
CEsOH  which  can  be  pumped  by  the  following  pump  lines  :  sequence  band 
9R(9)  and  13-002 9R(4). 
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Another  significant  finding  in  the  present  work  is  the  precise 
location  of  the  highly  down  shifted  first  excited  torsional  C-0 
stretch  transitions.  It  was  found  that  alternative  asslgnsients  are 
necessary  for  two  recently  proposed  [22]  IR  pump/FIR  laser  systems  in¬ 
volving  transversely  excited  atmospheric  (TEA)  CO2  laser  lines. 
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ABSTRACT 

Five  taini-OPFIRLs  with  sample  tube  10cm,  5cm,  4.3cm,  3cm  and  1.5cm  in  length, 
respectively,  were  built  up  and  lase  sucessfully.  Power  density  and  spectral 
characteristic  of  the  mini-OPFIRL  were  studied  theoretically  and 
experimentaly. 


I.  INTRODUCTION 

In  recent  years,  far-infrared  (FIR)  has  been  used  for  radar  and  communication 

in  outer-space^ .  The  devices  used  in  outer-space  should  be  high  efficent  and 
small-sized.  Many  scholars  have  been  engaged  in  the  study  of  miniaturization 
of  FIR  devices.  A  CW  opticallj'  pumped  FIR  laser(OPFIRL)  cavity  of  5cm  in 

length  was  reported  in  1986^ .  In  the  same  year,  Lin  Yikun  pointed  out  in  his 

paper  that  the  optimum  length  of  the  sample  tube  of  an  OPFIRL  was  inversely 
proportional  to  the  operating  gas  pressure  of  the  laser  and  OPFIRL  could  be 
miniaturized  if  the  laser  operated  at  high  gas  pressure.  In  this  paper, 
mini-OPFIRL  with  sample  tube  shorter  than  10cm  was  studied  theoretically  and 
experimentally  and  discussion  was  given. 

II.  EXPERIMENTAL  STUDY  OF  MINIATURE  OPFIRL 

The  experimental  system  for  the  study  of  mini-OPFIRL  was  the  same  as  that 
described  in  reference  4.  NH^  gas  was  chosen  as  the  operating  gas  and  9R(16) 

from  a  TEA-CO^  laser  as  the  pumping  source.  Emission  of  pulsed  OPFIRL  was 

detected  by  a  pyroelectric  detector  and  recorded  by  model-7623  storage 
oscilloscope.  Five  mini-OPFIRLs,  made  of  different  materials,  with  the  length 
of  sample  tube  10cm,  5cm,  4.3cm,  3cm  and  1.5cm,  respectively,  were  built  up 
and  tested.  The  results  were  shown  in  Table  1. 


Table  1.  Comparision  of  experimental  and  theoretical  reesults  of  miniature 
OPFIRL  - 


Length  of  sample  tube{cm)  10 

Material  of  sample  tube  glass 

5 

glass 

4.3 

A1 

3 

A1 

1.5 

A1 

Pumping  power  density (MW/cm^  )  6 

6 

4 

4 

4 

3 

Exp.  optimum  gas  pressure(xlO  Pa)  7.3 

10.7 

9.3 

10.2 

6.7 

Cal.  optimum  gas  pressure!  x  10  Pa)  7.7 

10.6 

9.3 

10.7 

14.6 

Exp.  FIR  power  density<W/cm^  )  2.2x10^ 

Cal.  FIR  power  density(W/cm^  )  142x10^ 

0.2x10^ 

3x10^ 

0.1x10  50 

38  2.7x10’^ 

8.1 

2.6x10“® 

••7*. 


in.  THEORETICAL  STUDY  OP  MINUTURE  OPPIRL 

The  theoretical  calculation  was  based  on  the  serai-claasicai  density  matrix 
equations.  For  simplification,  we  assumed  that  the  transition  of  NH^  molecule 

in  mini-OPFIRL  system  was  confined  within  three  energy  levels.  The  three-level 
system  assumption  was  accurate  enough  for  the  study  of  OPPIRL  output 
characteristics. 

The  lasing  process  in  an  OPPIRL  could  then  be  described  by  density  matrix 
equtions  as  follows: 


dp 

th 

ih 

cho).  o  -  - 

at 

U  1 J  3. 

i  j 

dp  , 

•th 

4h 

= - {P°~P  )■ 

at 

3.  J  J  J .» 

J  J 

(1) 


j  j 


Applying  the  equations  to  the  three-level^ system  gave  the  following  expression 
for  FIR  gain  and  IR  absorption  coefficent  : 


G  =- 


G 


p 


2N  \pi 

i-tJchB 

0  • 


£„nchB 

0  p 


(U3,T^-y)Im(P3,) 

J^-xlImlP,,) 
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With  relations  (1)  and  (2),  the  output  power  density  of  an  ASE  OPPIRL  with  the 
length  ^of  sample  tube  L  cm  could  be  calculated  numerically  by  iteration 
method  .  Five  mini-OPFIRLs  mentioned  above  were  calculted.  The  results  were 
also  listed  in  Table  1  for  comparision.  and  the  calculated  frequency 
characteristic  of  a  10cm  long  OPFIRL  with  weak  longitudinal  feedbak  was  shown 
in  Fig.l, 


Fig.l  Frequency  ccharacteristic  of  mini-OPFIRL 
with  weak  feedback 
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IV.  DISCUSSION 


li  It  has  been  shown  in  our  experiment  and  calculation  that  mini-OPFIRLs  with 
sample  tube  as  short  as  lOcm-l.Scm  lase  FIR  eemission  successfully. 

2,  Mini-OPFIRL  operates  at  high  gas  pressure  which  is  tens  times  of  that  for 
ordinary  OPFIRL.  The  linewidth  of  mini-OPFIRL  can  be  larger  than  lOGHz,  this 
is  because  two  AC  Stark  lines  link  together  as  the  result  of  gas  pressure 

broadening  and  saturation  broadening  effecc.:.*.  The  widen  laser  line  is  of 
significance  for  frequency  tunable  FIR  laser. 

3,  The  deviations  of  optimum  operating  gas  pressure  and  output  power  density 
between  experimental  and  calculted  results  for  very  short  OPFIRL  suggest  that 
transverse  feedback  from  the  side  wall  of  the  metallic  sample  tube  plays  an 
active  role  in  mini-OPFIRL.  The  output  FIR  power  dendity  will  be  much  enhanced. 
We  call  it  transverse  feedback  effect.  A  detailed  study  of  trawsverse  feedback 
enhancement  in  mini-OPFIRL  will  be  described  in  other  paper. 
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Abstract 

High-resoludon  Fourier  transfomi  spectroscopy  (FTS)  of  •^CDsOH  has  given  insights  into  the 
far-infrared  (FIR)  laser  emission  observed  when  this  nudecuk  is  optically  pumped  by  a  CO2  laser.  Six  IR- 
pump/FIR-laser  transition  systems  ate  considered,  including  two  with  completely  new  assignments  plus 
four  which  have  been  presented  previously  but  are  discussed  further  with  reference  to  recently  reported 
experimental  data.  Five  of  the  assignment  schemes  have  been  rigorously  checked  by  forming  closed 
combination  loops,  and  accurate  FIR  laser  wavenumbers  have  been  obtained  The  supcrioriiy  in  precision 
of  the  FIR  laser  wavenumbers  determined  from  FTS  combination  loops  over  those  from  traditional 
wavelength  measurements  is  demonstrated 


Introduction 

The  development  of  efficient  FIR  lasers  with  high  output  power  is  of  interest  for  many  practical 
applications,  such  as  plasma  diagnostics,  scattering  measurements,  radio  astronomy  and  a  variety  of  solid- 
state  semiconductor  experiments.  When  a  strong  127  pm  FIR  laser  Unc  was  found  for  13CD3OH  optically 
pumped  by  the  10P(8)  CO2  laser  line,  and  proved  to  be  the  second  most  efficient  known  [1,2],  it  was 
quickly  utilized  as  a  diagnostic  on  the  Princeton  tokamak.  This  discovery  triggered  our  spectroscopic 
interest  in  this  rather  exotic  isotopomer  of  methanol,  and  stimulated  systematic  high -resolution  Fourier 
transform  investigations  of  the  spectra  of  ^^QDbOH  in  various  regions  by  our  group.  The  scope  of  this 
present  pap>cr  will  be  restricted  to  the  two  regions  particularly  relevant  to  the  FIR  laser  assignment 
problem,  namely  the  C-0  stretching  band  centred  at  approximately  980  cm**  in  the  infrared  (IR)  and  the 
ground  vibrational  torsion-rotation  band  spread  throughout  the  FIR.  The  former  overlaps  very  well  with 
the  CO2  laser  tmds  so  provides  the  IR  pump  transitions  for  the  FIR  lasers,  while  the  latter  gives  essential 
information  for  the  construction  of  frequency  loops  for  confirmation  or  prediction  of  the  FIR  laser 
wavenumbers.  As  a  consequence,  many  FIR  laser  emission  lines  have  now  been  observed  and  a  number 
of  transitions  assigned  within  the  first  excited  C-O  stretching  state  [1,3-8]. 

FT  Spectrum  and  Experimental  Details 

High-resolution  Fourier  transfomi  spectra  of  13CD3OH  were  obtained  from  15-240  and  815-1030 
cm‘1  at  a  resolution  of  0.002  cm'^  on  the  modified  DA3.002  Bomem  spectrometer  at  the  Herzberg  Inshtuie 
of  Astrophysics  in  Ottawa.  The  spectra  were  recorded  at  room  temperature  using  4  transits  of  a  0.5  m 
multipass  ^iic  cell  (for  a  total  path  length  of  2  m).  The  sample  pressure  was  40  mToir  for  the  FIR  region 
and  100  mTorr  for  the  C-O  stretching  region,  giving  minimal  pressure  broadening.  The  sample  was 
supplied  by  MSD  Isotopes  of  Montreal  at  99  atom-%  purity.  To  improve  the  signal-to-noisc  ratio,  multiple 
scans  were  co-added  for  the  final  interferograms.  The  relative  precision  of  recorded  frequencies  is  believed 
to  be  of  the  order  of  di).0002  cm*^  or  better  for  strong  unblended  lines,  while  the  absolute  accuracy  based 
on  calibration  with  naturally-present  H2O  lines  is  estimated  to  be  approximately  ±0.0005  cm*^. 
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FIR  Laser  Assignments  for  *3cD30H 

The  FIR  laser  transition  identifications  and  ^wavcnuiriber  predictions  for  13CD3OH  were 
accomplished  in  two  steps.  Fust,  the  C-O  stretch  band  was  extensively  analyzed  and  assigned  to  detcnninc 
the  coincidences  between  the  parent  IR  absorptions  and  the  CO2  pump  laser  lines.  Next,  the  ground  state 
FIR  information  was  brought  in  to  combine  with  the  IR  pump  and  FER  laser  data  to  form  closed  IR/FIR 
transition  loops.  The  frequency  combination  relations  from  these  loops  provided  rigorous  checks  on  the 
FiR  laser  transition  assignment  schemes  as  well  as  yielding  accurate  predictions  for  the  laser 
' .  avenumbers.  A  typical  loop  scheme  is  illustrated  in  Rg.  1  for  the  10R(40)  CC^  pumping  system  at  4-132 
MHz  offset  from  the  pump  laser  centre  frequency.  With  the  extensive  dosed  loop  diagrams  that  can  be 
formed  from  the  transitions  shown  in  Fig.  1,  the  wavenumber  of  FIR  laser  line  Lb  is  confirmed  through 
three  independent  combination  relarions: 

Lb=P  +  d-h-(-i-I  =  63.6125 

=  E4-c-h  +  g-H  =  63.6128  )  Average  =  63.6125cm'' 

=  E4-a-e  +  f-H  =  63.6121 

The  self-consistency  of  these  results  along  with  the  excellent  agreement  between  our  mean  value  of 
63.6125  cm"'  and  the  direct  frequency  measurement  value  [7]  of  63.61260  cm''  serve  as  strong 
confirmation  of  our  assignments.  They  also  demonstrate  clearly  the  superior  precision  of  the  HR  laser 
wavenumbers  predicted  from  the  combination  loops  over  that  obtainable  from  traditional  wavelength 
measurement  accuracies  of  typically  ±0.5  |im  (Lb  was  reponed  as  157.2  pim).  This  precision  can  be 
applied  to  the  two  further  FIR  laser  lines.  fLa)  (")  and  !<  O'),  assodated  with  the  scheme  of  Fig.  1.  No 
k)i;.  ervation  of  La  has  yet  been  reponed,  while  for  only  a  wavelength  measurement  is  available.  From 
our  loops,  we  predict  wavenumbers  for  these  lines  as  follows: 

[La]  =  P'A  =  8.9122  Lc  =  P-t-d-G  =  53.5039 

=  C-D  =8.9121  =E  +  a-F  =  53.5040 

In  all,  we  have  idcndfied  15  IR-pump/RR-lascr  transidon  systems  so  far  with  our  FTS  information,  some 
of  which  have  already  been  reported  [8].  Our  results  for  the  six  systems  which  are  either  new  or  have  had 
additional  FIR  laser  information  reported  recently  |7]  are  collected  in  Table  1.  Most  of  the  assignments  are 
rigorously  confirmed  with  spectroscopic  loop  data,  allowing  accurate  FIR  lastr  wavenumbers  to  be 
deduced.  In  general,  our  calculated  wavenumbers  in  Table  1  are  in  good  agreement  with  those  obtained 
from  accurate  laser  frequency  measurements  [7]. 

Three  further  comments  may  be  made.  First,  for  System  #3,  the  new  observation  of  laser  line  Lb 
"  ties  down  the  transition  assignments  nicely.  Originally,  there  had  been  some  uncertainty  since  only  the 
'Uigie  line  La  had  been  reported  [4j  and  assigned  as  a  AK=0  a-type  RR  laser  line  (8].  Such  a-type  lines  are 
i;  -:  ver\'  sensitive  to  quantum  numbers  other  than  J,  so  require  caution  in  their  identification.  Our  energy 
cneme  for  System  #3  predicts  that  there  should  be  a  third  FIR  laser  line,  (Lt],  at  10,8816  cm''  with 
percendicular  polarization,  as  shown  in  Table  1.  Secondly,  we  had  originally  presented  System  #5  with 
:i;u  lORfS)  CO2  pump  [8]  only  as  a  potential  system  for  optical  pumping  and  FIR  lasing.  The  new 
<^-?ervanons  [7]  have  confirmed  this  prediction,  ancThavc  verified  our  proposed  wavenumber  for  laser  line 
Lr  Lastly,  for  System  #4  involving  n=2  second  excited  torsional  levels,  we  have  not  yet  identified  all  of 
the  weak  excited  torsional  series  in  the  IR  and  RR  spectra  necessary  to  form  loops  to  confirm  the 
I'.signmenis  unambiguously.  The  plausibility  of  our  proposed  scheme,  therefore,  rests  principally  on  the 
agreement  between  the  reponed  wavenumber  for  laser  line  La  and  our  best  calculated  value  for  this  Q- 
hranch  transition  in  the  excited  state,  together  with  the  fact  that  the  wavenumber  difference  of  cm'' 
between  lines  La  and  Lb  is  entirely  consistent  with  the  value  of  cm*'  calculated  for  a  J=19-4l8  a-type 
rr.;nsitinn  using  our  mean  observed  n=2  excited-state  B-valuc  of  cm''.  We  hope  that  further  spectroscopic 
detective  work  will  lead  to  the  assignments  needed  to  close  a  variety  of  combination  loops  to  verify  this 
proposal  definitively  in  future. 
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Table  1 .  Assignments  of  RR  laser  tines  in  ^^CDaOH  optically  pumped  by  a  CO2  laser. 


System  CO24' Offset 
(v  in  cmrr] 

in  Absorption 
(tiob,tncm-M 

FIR  Laser  Transition* 
{nVIC.J^v'  _♦  {n'-fK'.rf 

Line 

Label 

Vota** 

(cmr’) 

Rel 

Pol 

Vprsn 

#1 

10P(24)  *  20.5MHz 

P(1 18,28) 

(118,27)“ 

(118,26)“ 

U 

34.37497“ 

II 

34.3737 

940.5488 

940.5474 

-> 

(127,27)“ 

Lb 

46.22017" 

i 

46.2180 

, 

-> 

(127.26)“ 

Lc 

80.48092“ 

II 

60.4791 

#2 

10P(24)  +  99MHz 

P(015.29) 

(61 5.28)“ 

(0l5,27)c«> 

La 

35.67851“ 

II 

35.6783 

940.5514 

940.5517 

(024,27)“ 

Lb 

43.88352“ 

II 

43.8825 

-4 

((02428)“) 

[Uc] 

[1] 

[8.2227] 

*3 

10P(24)  -  156MHZ 

P(023.29) 

(023.28)“ 

(023,27)“ 

La 

35.83 

II 

35.6582 

940.5429 

940.5427 

-4 

(032.27)“ 

Lb 

48.73 

It 

46.Z769 

-♦ 

(032.28)“ 

|Lcl 

l-q 

(10.8816) 

#4 

10P(10)  ♦  74MHz 

P(225,19) 

(225,18)“ 

(216,18)“ 

U 

138.7 

1 

952.8833 

952.8634 

-4 

{2l6.19)®o 

Lb 

114.9 

It 

•5 

loncs)  4.  40MHz 

P(039.10) 

(039,9)“ 

—4 

((018,9)“) 

(U 

w 

[24.0538] 

967.7086 

967.7093 

■~4 

(018.8)“ 

Lb 

35.53816' 

II 

35.5384 

«o 

10P(40)  4.  132MHz 

R(  110,6) 

(110,7)“ 

-4 

((110,6)“] 

[UJ 

PH 

[8.9122] 

987.6246 

987.6229 

(131-.7)“ 

U 

63.61260* 

63.6125 

—4 

f131+,8)“ 

Lc 

53.19 

II 

53.5040 

■*  Transition*  in  bracksts  ara  pradicted.  Energy  laveis  are  labelled  as  (nxK,  J)'',  where  n  is  the  torsional  state,  t 
dafii'ies  the  torsional  syntmetry,  K  is  the  projactior.  along  the  near-symmetry  rotational  angular 

morrv  murri  j,  and  v  denotes  the  vfcrational  state. 

•»  Alavenumbers  with  ssiansks  are  converted  from  accura'o  freguency  measurements  fj],  using  c  =  29979.2458  nVs. 
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NONSTATICMARy  LASER  BEAM  SPATIAL  STRUCTURE  SIMULATICm. 

L.  V.  Ytirchenko 

Institute  of  Radlophyslcs  and  Electronics 
of  Ukrainian  Acadeny  of  Science,  Kharkov,  Ukraine. 

The  effective  nunerlcal  method  for  the  approximate  calculation 
of  the  evolution  of  the  wave  field  from  the  aioment  of  Its  excitation 
In  the  open  resonator  Is  proposed  with  the  aim  of  the  exaadnatlon  of 
nonstationary  fields  In  the  resonator  of  different  conf Igtu^atlon 
filled  with  nonlinear  active  media.  This  method  Is  based  on  using  the 
sequent  Integral  transformations  of  the  wave  field  completed  with 
the  account  of  the  samll  correction  of  Its  amplitude  and  phase 
stimulated  by  the  Infltaence  of  the  aiedlum.  The  method  amntloned  Is 
suitable  for  quasi -optical  resonators  of  mm,  sub  mm  and  far  Infrared 
regions  of  waves. 

By  this  method  the  following  situations  were  considered:  when 
the  resonator  Is  filled  11  with  nonstationary  medium  that  can  be  In¬ 
homogeneous  In  transversal  and  Corl  longitudinal  directions;  21  with 
nontatlonary  weakly  nonlinear  medium;  31  with  nonstationary  Inhomo¬ 
geneous  Inverted  medium  In  which  a  stimulated  radiation  appears; 
41  with  stationary  anisotropic  medium  In  which  a  short  RF-lmpulse  Is 
propagating.  Let’s  consider  as  the  most  Interesting  example  the  third 
case.  In  this  case  the  method  allows  to  calculate  self -consistently 
the  evolirt,lon  of  the  transversal  spatial  structure  and  the  angular 
dispersion  of  the  radiation  field  of  the  laser  with  the  different 
mechanism  of  the  creation  of  the  Inversion  of  quantum  level  popula¬ 
tions  C  ctemlcal  reaction,  pumping  by  the  RF-charge,  optical  pumping, 
etc.  1  taking  Into  account  the  Instabilities  which  can  appear  at  any 
moment  of  the  time,  with  the  aim  to  optimize  laser  characteristics. 

The  application  of  the  discussed  method  In  this  situation  Is 
based  on  the  possibility  to  use  the  approximation  of  the  freqxiency 
single-mode  generation  regime  and  the  fact  that  the  field  changes 
slowly  during  the  single  pass  through  the  resonator.  Owing  to  this 
the  field  evolution  during  each  pass  mainly  can  be  calculated  by 
the  solution  of  the  linear  wave  equation  for  the  complex  amplitude  of 
the  field 
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In  the  form  of  Sommierf eld’ s  Integral.  There  Is  the  middle  value 

•  MS- 


of  the  coiBplex  permittivity  during  the  pass,  k  ■  u/'c  is  the  wave 
number  in  the  vacuum.  Additional  field  variation,  which  appear  during 
the  pass  time  C  or  some  part  of  it  )  can  be  take  into  account  in  the 
form  of  corrections  depending  on  the  process  predominating  in  the 
given  moment  of  the  time  and  the  given  part  of  the  medium.  These 
corrections  can  be  calculated  self —consistently  depending  on  the 
field  Itself  and  they  can  take  into  account  the  nonstationarity  of 
the  external  influences.  So  the  correction  to  the  amplitude  of  the 
field  owing  to  nonlinear  inhomogeneous  amplification  is  calculated 
from  the  kinetic  equations  of  the  level  populations,  which  in  a 
number  of  cases  of  inverted  medium  have  the  following  form 

aNg^rdt  •  kjCN  -  -  CkglUl^  + 

where  N  is  the  concentration  of  the  active  centers,  ■  MgCp,  t,lD 
is  the  population  of  the  upper  qtiantum  level,  I  ■  ICp,  t>  is  the 
pumping  power,  k^,  k^,  k^  are  the  factors  describing  the  transition 
probability  that  are  defined  by  the  Einstein’s  coefficients,  p  is  the 
radius-vector  in  the  cuvette  cross  section  C  axial  symmetry  of  the 
pumping  power  and  active  medium  was  supposed  3. 

The  amplification  coefficient  of  the  field  on  given  part  of  the 
medium  is  defined  depending  on  by  the  following  equation 

aCp,  t,lD  ■  r  NgCp,  t,  ID  C3> 

where  y  is  the  proportionality  coefficient  depending  on  the  quantum 
energy,  the  radiation  line  width  and  the  corresponding  Einstein’s 
coefficient. 

The  correction  to  the  field  phase  is  obtained  from  the  equations 
describing  the  optical  inhomogeneity  appearing  in  the  medium.  In 
principle  the  method  allows  to  take  into  account  any  sufficiently 
gradual  inhomogeneity  of  a  medium.  Let  us  use  here  as  an  exait^le 
the  refraction  index  nCp,  tD  the  quadratic  in  the  coordinate  p 

nCp,  t3  -  n  Cl  +^13  p^y’23  C43 
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where  tlie  t  actor  /?Ct3  describes  the  dynamics  of  the  of  the  optical 
i  rinomogenelty  variation  due  to  excitation  of  the  active  medium. 

Let  us  consider  some  results  obtained  by  the  mentioned  method 
that  uescribe  the  dynamics  of  the  formation  of  the  spatial  mode 
sx-ructiire  of  the  laser  radiation  with  the  wavelength  of  X  ■  10.6  pm 
uiJii'  r.he  irdTluence  of  the  short  sufficiently  power  impulse  of  the 
D>uv,.AnQ.  The  simulations  carried  out  at  the  small  levels  of  the 
,'.'.iin,'xng  have  demonstrated  that  in  the  cases  of  the  weakly  focusing  or 


defocusing  medium  the  gradual  localization  or  expansion  of  the  field 
region  is  observed  when  compared  with  the  convenient  original  mode 
of  the  empty  resonator.  The  inhomogeneity  of  the  ampllf ication 
coefficient  in  these  cases  does  not  exert  significant  influence  on 
the  common  shape  of  field  distribution.  More  interesting  phenomena 
take  place  at  the  large  pumping  power.  If  the  medium  becomes  focusing 
one  C  this  happens  when  the  pumping  energy  is  mostly  absorbed  near 
the  cuvette  walls  3  the  localization  of  the  field  also  takes  place  in 
the  beginning  of  the  process  C  Fig. a  I.  However,  with  increasing 
the  field  amplitude  owing  to  power  stimulated  radiation  both  the 
inversion  and  the  amplification  on  the  cuvette  axis  begin  to  decrease 
C  Fig. b  1.  As  a  result,  the  annular  field  distribution  in  the  beam 
cross  section  is  forming.  The  mechanism  of  the  field  spatial 
structure  evolution  described  here  is  sufficiently  universal  and  It 
can  work  in  a  lot  of  cases.  In  the  same  time,  in  the  case  of  the 
defocusing  medium  this  mechanism  does  not  become  apparent  because 
of  more  homogeneous  field  distribution  across  the  beam. 

So  in  this  work  a  simple  effective  and  sufficiently  universal 
method  of  the  calculation  of  the  fields  in  the  resonators  with  the 
inhomogeneous  and  nonstationary  medium  which  allows  quickly  to 
calculate  the  fields  in  a  lot  of  practical  physical  situations  has 
been  developed. 
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Fig.  Dependences  of  the  complex  amplitude  of  the  field  Cal  and 
the  amplification  Cbl  in  the  cuvette  cross  section  and  the  total 
energy  of  radiation  Cci  during  the  pumping  Impulse  C  the  resonator 
length  L  ■  100  cnO ;  -o-  0.1 ^s, - Ips,  -x-  a. Bps, - 3us,  —  6us. 
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ABSTRACT 

The  absorption  coefEcienl  of  most  low  absorbing  materials  increases  almost  linearly  with  increasing 
frequency  at  millimeter  wave  frequencies.  For  ceramic  boron  nitride,  the  absorption  also  increases  with 
increasing  frequency  atleast  to  about  600  GHz.  Single  crystal  high  resistivity  silicon  has  the  lowest 
absorption  at  room  temperature  in  the  entire  millimeter  wavelength  region.  Our  new  broadband  continuous 
wave  low  temperature  (6,  30,  76  K  and  300  K)  measurement  on  single  crystal  sapphire  reveal  that  its 
absorption  coefTicient  value  shows  a  minimum  around  180  GHz  for  low  temperatures.  Extra  high  resistivity 
silicon  is  by  far  the  best  window  material  as  regards  the  absorption  loss  is  concerned  at  room  temperature. 

INTRODUCTION 

The  search  for  an  ideal  window  material  for  high  power-  high  frequency  gyrotron  is  still  on  [  1  •  3).  At 
millimeter  wave  frequency  region,  the  absorption  coefTicient  of  most  low-absorbing  window  materials 
increases  with  increasing  frequency.  Thi.s  r  .  ecausc  of  the  tail  of  lattice  vibration  or  phonon  absorption  or 
various  other  absorption  mechanisms  present  at  submillimeter  and  far  and  mid  infrared  spectral  region  for 
solid  crystalline  and  polycrystalline  materials.  For  diamond  and  single  crystal  silicon,  the  monoatomic 
diamond  crystal  structure  suggests  the  lattice  vibraunn  absorption  to  appear  at  frequencies  in  the  infrared 
region.  The  entire  mid-infrared,  far-infrared,  submiliimeter  and  millimeter  wave  region  .herefore  should  be 
free  from  the  tail  effect  of  lattice  or  phonon  absorption  bands.  Our  highest  resistivity  {  1 1,000  ohm-cm) 
compensated  silicon  also  shows  the  absence  of  the  microwave  and  millimeter  wave  free  carrier  absorption. 
Wc  have  an  extra  low-  loss  material  but  it  is  possible  that  we  may  have  to  improve  its  thermo-mechanical 
properties  by  coating  it  with  diamond  film  evaporation.  One  expects  to  see  a  good  room  temperature  low- 
absorption  ioss  and  mechanically  strong  window  perhaps  edge  cooled  by  fluro-carbon  fluid.  The  absorptioi> 
coefficient  of  all  presently  used  gyrotron  window  materials  increases  with  increasing  frequency.  The  cryo- 
edge  cooling  would  increase  the  complexity  of  a  window  system  although  it  is  expected  ihat  the  absorption 
coefficient  will  decrease  with  decreasing  temperature.  At  lower  temperature  a  phonon  or  lattice  vibration 
peak  sharpens  and  the  tail  effect  subsidc,s  or  reduces  significantly.  So  far  wc  have  found  two  potential  room 
temperature  low  absorption  coefficient  materials  for  140  and  280  GHz,  but  wc  need  to  improve 
mec.hanical  and  thermal  characteristics  of  these  two  types  of  matcnals.  For  cryo-cdge-cooling  one  would 
choose  a  temperature  wnere  the  thermal  conductivity  has  its  highest  value.  It  is  difficult  to  measure 
ex.rerr. .  low  loss  tangent  or  absorption  coefficient  value.  We  have  improved  the  sensitivity  of  our 
broadband  aispersivc  Fourier  transform  spectrometers.  We  now  can  measure  losses  as  low  as  40  - 
microt.'dians.  In  our  dispersive  Fourier  transform  spectroscopy  wc  use  a  thick  specimen  in  order  to  have 
higher  luiismissive  loss  through  the  specimen  compared  to  its  surface  reflection  losses.  In  an  open 
resonator  teciinique,  the  thickness  restriction  is  different.  The  thickness  of  the  specimen  needs  to  be  small 
and  has  to 
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Figure  1  Comparison  of  absorption  coefficient  speara  of  high  resistivity  siliconfresistivity  =  1 1,000  ohm- 
cm),  relatively  low  resistivity  silicon  ("general  Diode"  silicon  resistivity  =  1,500  ohm-cm  ),  single  ciy  stal 

sapphire  and  alumina  995  at  room  tempertature 

be  approximately  equal  to  an  even  multiple  of  guide  wavelength  inside  the  material.  One  needs  to  be 
extremely  careful  during  measurements  in  such  a  system  since  the  stability  of  such  a  system  depends  on 
stability  of  frequency,  detection,  cavity  length  and  cavity  Q.  Effec:s  such  as  vibration,  temperature 
fluctuations  can  easily  detonate  the  measurement  precision  by  a  big  factor.  Both  of  our  measurement 
systems  arc  by  far  the  most  .sensitive  system  available  at  millimeter  wave  and  far-infrared  frequencies.  A 
comparison  and  agreement  of  data  obtained  by  two  different  systems  assure  us  the  measurement  accuracy 
for  extra  low  absorption  materials.  Figure  1  shows  the  comparison  of  absorption  coefficient  spectra  for 
several  potential  low  loss  dielcctnc  materials  over  the  frequency  region  60  -  450  GHz.  The  absorption 
coefficient  of  single  crystal  extra  high  resistivity  silicon  is  very  small  in  the  entire  millimeter  wave  region. 
Around  120  GHz,  it  is  so  low  that  is  i.s  difficult  to  measure 

BROAD-  BAND  .  ONTINUOU.S  WAVE  VIEASUREMENT 

We  have  used  our  dispersive  Fourier  transform  spectroscopy  together  with  a  polarization  two  beam 
interferometer  for  the  measurement  of  complex  refractive  index,  complex  dielectric  permittivity  and  loss 
tangent  at  room  temperature  over  the  frequency  range  60  -  d.**©  GHz.  The  specimen  was  rotated  until  the 
maximum  signal  was  attained  (  E-  field  perpendicular  to  the  orientation  of  the  drawing  of  the  ceramic 
specimen,  i.c  ordinary  ray).  The  specimen  thickness  was  one  inch.  The  interferogram  signal  with  a  thin 
specimen  (0. 125  inch)  of  the  same  boron  nitride  was  used  as  a  reference.  The  real  part  of  the  permittivity 
value  for  boron  nitride  is  very  low  compared  to  silicon  .and  sapphire.  This  is  an  advantage  when  a  lower 
reflection  loss  is  desired. 
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THE  NEW  LOW  TEMPERATURE  BROAD  BAND  FOIJRIFR  TRANSFORM  SPECTROMETER 


The  vari-temp  type  dewar  is  well  known  for  varying  temperaiures  in  ihc  range  1 .8  K  io  300  K.  The  liquid 
helium  exchange  gas  and  heating  mechanism  were  utilized  to  change  the  temperature  in  (he  range  1 .8  lo  300 
keivin.  One  can  hold  the  temperature  to  within  0.5  degree  kelvin.  Two  temperature  sensors  were  used,  one 
at  the  exchange  gas  controller  and  the  other  sensor  (callibratcd)  at  the  specimen.  The  diameter  of  the  cooi 
working  area  of  the  dewar  is  about  80  mm.  This  allows  us  to  insert  a  3  inch  diameter  specimen  inside  the 
dewar.  The  interferometer  optics  size  is  60  mm.  The  dispersive  Fourier  transform  interferometrt  -.va-- 
adapted,  so  that  the  specimen  arm  acts  as  the  fixed  mirror  arm.  The  dewar  is  mounted  on  a  rail  and  a  is 
ca.sily  detachable  for  specimen  insenioti.  Free  standing  wire  grid  polarizers  were  used  for  beam  spliUin;; 
mechanism  and  indium  antimonidc  hot  electron  bolometer  detector  was  used  for  millimeter  wave  e,’iern;> 
detection.  Figure  2  compares  the  absorption  coefficient  spectra  of  single  crystal  sapphire  at  6  K.  30K  76K 
and  300  K 
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Figure  2  Comparison  of  absorption  coefficient  spectra  of  single  crystal  sapphire  at  6.5  K  ,  30K,  77K  and 

300K 
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Figure  3  Compaiison  of  refraction  spectra  for  Sapphire  at  6.5  K,  30K,  77  K  and  300  K 
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